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Executive Summary

Executive Summary
This thesis aims to explore the sustainability potential which exists in Wastewater Treatment Plants
(WWTP's); particularly focusing on nutrient, energy, and water recovery and reuse. The core of the
research will focus on the establishment of a sustainable Resource Recovery Treatment Plant (RRTP) plan
for Limerick Main Drainage (LMD) WWTP, and potentially utilising this as a case study plant which could
act as a foundation example within the sector.
There is a genuine need to investigate more sustainable options in wastewater treatment (WWT);
increasing energy and sludge management costs are a real issue for non-sustainable WWTP's given that
thousands of euro's are spent per annum on these expenditures. Other drivers exist such as increasing
global population, increased urbanisation, climate change, requirements to reduce greenhouse gas
emissions (GHG), energy scarcity and security of supply issues, depletion of finite resources such as
Phosphorus and water shortage issues. These difficulties are fast becoming increasingly important to deal
with now before the damaging effects of climate change becomes irreversible, or before we face stark
scarcity of fuel supply issues, or before we deplete our finite resources completely. Alternative solutions
and a more sustainable approach are required on a global scale.
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1.0 Introduction
The primary intention of this thesis is to probe the fundamental aspects of resource recovery (RR) in terms
of nutrient, energy and water recovery in WWT. The literature review will focus on the primary drivers
which are pushing for a change in how WWTPs are operated. A paradigm shift from 'waste treatment' to
RR is required for an enhanced sustainable future in WWT. The literature review will highlight RR
technologies and examples of their operation in WWTPs in Ireland and Worldwide, thus enabling the
development of an informed RR proposal plan suitable for LMD. The main body of work will investigate
the RR option(s) suitable for LMD in detail. The end result will offer a holistic comprehensive approach to
sustainability and RR in LMD which could be expanded throughout the sector.
Sustainability and sustainable development has been defined many times and in various ways over the
years. One definition describes sustainable development as 'Development that meets the needs of the
present without compromising the ability of future generations to meet their own needs' (United Nations
World Commission on Environment and Development, 1987). Another definition is 'improving the quality
of human life while living within the carrying capacity of supporting ecosystems' (lUCN, UNEP, WWF,
1991).
A resolute worldwide effort is required where increasing awareness of, and practice of, sustainability is
concerned in the WWTP industry and beyond. This is a difficult accomplishment, but it has been achieved
before. If we think back to the ozone layer depletion problem, the Montreal Protocol of 1987, and
subsequent updates, was a global political agreement to force technological change. What followed the
agreement was an effective global response to solve the problem in reducing the ozone layer depletion by
banning CFCs, halons, and other ozone depleting chemicals which were used largely in aerosols and
refrigeration.
This concerted action which has almost solved the issue proves that a global or corporate response and
effective management can work to solve an immense global problem. It also shows that effective systems
can be developed and that technical change and innovation can be driven by challenging goals. Perhaps
the same concerted effort can work to tackle climate change, reduce greenhouse gas emissions (GHGs),
and to tackle energy security, mineral resources and water shortages. A more sustainable management of
the environment and its natural resources is required on a worldwide scale.
We are moving towards this with regards more sustainable practices in our built environment. Following
the Bruntland Commission Report in 1987 from the United Nations World Commission on Environment
and Development entitled 'Our Common Future' various reports and summits have followed which are
trying to pave the way for a more sustainable future. There was the 1992 Earth Summit and the adoption
of 'Agenda 21', the Rio Declaration and the formation of the Commission on Sustainable Development,
and more recently in 2012 the United Nations Conference on Sustainable Development was held in Rio
and entitled Rio +20. However, it seems that there is no one easy fix such as a relatively inexpensive mass
technological change to replace CFCs as with the ozone layer depletion issue.
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Introduction
Increasing sustainable practices is a massive global conundrum and involves many other facets. Other
issues need to be tackled in unison with sustainability such as climate change, GHG emission reduction,
energy scarcity and security of supply, finite resource depletion. Also the sustainability pillars triad of
economic, social and environmental aspects must be taken into account with a balanced approach. We
need to develop our economy, whilst considering environmental protection and social justice in a holistic
sustainable collaboration.
However, the seeds have been planted and new shoots are starting to emerge. EU legislation, directives
and national targets are driving changes on a country to country basis. In the WWT Industry alone,
examples of exciting new self-sufficient zero energy sustainable WWTP will follow later in this work. Some
of these plants are now not only self-sufficient in terms of energy, but they recovery nutrients such as
phosphorus which is a rapidly declining finite mineral, and they reuse treated water for a range of uses.
Change is slow, these examples are sporadic and none exist in Ireland to that level of 100% self-sufficiency,
but where possibilities exist change is possible.
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2.0 Legislation
EU Legislation and national policy have had an effect in the manner and rate at which WWTPs have
developed in Ireland over the last 20 years in particular. The initial legislation was focused on all aspects of
water quality improvement, while more recent legislation from the EU and Ireland is more focused on
sustainability, renewable energy technologies and reducing carbon footprints (CFs).
The key pieces of legislation in Ireland which paved the way for new WWTPs, improved water quality and
increased energy efficiency are listed as follows:
Urban Wastewater Treatment Directive 91/271/EEC of May 1991
S.l 254 Urban Wastewater Treatment Regulations of 2001
Water Framework Directive 2000/60/EC of December 2000
Renewable Energy Source Directive 2009/28/EC of April 2009
National Renewable Energy Action Plan 2009
National Biofuels Obligation Scheme 2010

2.1 Urban Wastewater Treatment Directive
Council Directive 91/271/EEC of 21 May 1991 Urban Wastewater Treatment Directive (UWWTD) concerns
the collection, treatment and discharge of urban waste water and the treatment and discharge of waste
water from certain industrial sectors. The primary objective of the directive is to protect the environment
from any adverse effects from waste water discharges.
Article 3 of the directive states that: "Member States shall ensure that all agglomerations are provided
with collecting systems for urban waste water". Dates by which the agglomerations should have a
collection system are detailed. For agglomerations with a population equivalent (P.E.) of greater than
15,000 this should take place by 31 December 2000. Smaller agglomerations of between 2000 and 15000
P.E. should take place by 31 December 2005. For urban wastewater discharging into 'sensitive areas'
receiving waters, the collection systems should take place by 31 December 1998 for agglomerations of
more than 10,000 P.E.
Article 4 of the directive states that wastewater entering the collection systems shall be subjected to
secondary treatment or an equivalent treatment. The directive states that this should happen for all
discharges from agglomerations of more than 15,000 P.E. by 31 December 2000, agglomerations between
10,000 and 15,000 P.E. by 31 December 2005, for discharges to fresh water and estuaries from
agglomerations of between 2000 and 10,000 P.E. by the 31 December 2005 (Office of the Attorney
General, 2001).
Sensitive areas should be identified and according to Article 5 of the directive, member states should
ensure that waste water discharging into sensitive areas are subjected to a more stringent treatment than
previously described in Article 4. For agglomerations more than 10,000 P.E. this more stringent treatment
should be in place by 31 December 1998. Alternatively, requirements for individual plants need not apply
in sensitive areas where it can be shown that the minimum percentage of reduction of the overall load
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entering all treatment plants in that area is at least 75 % for total phosphorus (TP) and at least 75 % for
total nitrogen (TN).
Article 12 of the directive states that the treated waste or final effluent water shall be reused whenever
appropriate and Article 14 relates to sludge reuse whenever appropriate. All disposal routes shall minimise
the adverse effects on the environment.

2.2 S.l. 254 Urban Wastewater'rreatment Regulations of 2001
Following the Urban Wastewater Treatment Directive (91/271/EEC), the Urban Wastewater Treatment
Regulations was enacted into Irish law through S.l. 254. These regulations gave rise to the commissioning
of an extensive programme of investment and planning for the collecting, treatment and disposal of
wastewaters from various local authorities' environs around the country.

2.3 EIJ Water Framework Directive
Water quality in Ireland is principally governed by the EU Water Framework Directive (WFD) (2000/60/EC),
introduced in December 2000. The WFD is of paramount importance for water protection and
management in Ireland. It offers a holistic approach to water protection, based on an integrated
assessment of the biological, physico- chemical and hydro morphological quality elements.
The main aims of the WFD are to prevent deterioration of high quality waters, restore good status, reduce
chemical pollution and achieve protected areas objectives. The directive itself almost acts as an umbrella
directive over a range of other directives (e.g. Urban Wastewater Treatment Directive, Nitrates Directive,
and the Fisheries Act), all of which are relevant to achieving the goals of the WFD.
The WFD provides a rounded framework for sustainable management of both terrestrial and aquatic
habitats. The core of the WFD is to achieve a 'good' ecological status, and preserve the best waters in the
EU by 2015. The WFD takes many of the objectives of previous legislation, and adds to them a broader set
of ecological objectives that are designed to defend, and where necessary restore the structure and
furction of aquatic ecosystems.
The WFD is primarily focused on river basins; the entire water environment is considered from source to
sea, no arbitrary geographical boundaries exist. The management of each river basin is governed by a
specific River Basin District Management Plan (RBDMP). The first plans (2009-2015) are already in place,
and the plans have to be renewed on a six year basis (Anon., 2007)
In reland there are a total of 8 River Basin Districts (RBD) which are as follows: Eastern (Dublin City), South
Eastern (Carlow), South Western (Cork County), Western (Galway County), International River Basin
Districts (IRBD) - Shannon (Limerick County), North Western

(Donegal), Neagh Bann (Monaghan) and

finally Northern Ireland (Nl) - North Eastern (Nl EHS). The authorities listed in brackets are the lead
au:horities in that particular RBD.

Aafe Moloney

Page 4

Legislation
2.4 Renewable Energy Soui ce Dii ectiv'e
Council Directive 2009/28/EC, the Renewable Energy Source Directives main aims are to increase the
availability of energy from renewable sources, reduce greenhouse gases, and consequently to reduce
dependence on imported fossil fuels.
Paragraph 5 of the directive states that 'In order to reduce greenhouse gas emissions within the
community and reduce its dependence on energy imports, the development of energy from renewable
energy sources should be closely linked to increased energy efficiency'.
Decentralised renewable energy technologies are outlined in paragraph 6 as technologies which should be
supported both from a point of view of demonstration and commercialisation. Decentralised energy
production has the advantages of using local energy sources, increased local security of supply,

reduced

energy transmission losses and shorter transport distances. Decentralisation also nurtures community
development by providing income and local jobs, and a local source of energy.
Paragraph 12 states that the use of agricultural material such as slurry, manure, and other organic wastes
for biogas production has significant environmental advantages in terms of heat and power generation
and as a biofuel. Also biogas production yields high greenhouse gas emission savings. Biogas installations
can, as a result of their decentralised nature and the regional investment structure, contribute to
sustainable development in rural areas and offer farmers new income opportunities. These wastes could
be used as a co feed for wastewater treatment plant AD units. Using agricultural wastes in this manner
also offer a waste management solution for these so called 'wastes', which actually are energy rich
resources.
Paragraph 14 states that the main purpose of the mandatory national targets is to provide certainty for
investors and to encourage continuous development of technologies which generate energy from all types
of renewable sources.
Paragraph 62 states that the cost of connecting new producers of electricity and gas from renewable
sources to the electricity and gas grids should be objective, transparent, non-discriminatory, and due
account should be taken of the benefit that embedded producers of electricity from renewable sources
bring to the electricity and gas grids.
The directive sets out mandatory targets for each member state. The overall target for the EU is 20% and
Ireland's national target is 16 %. Each member state must ensure that the share of energy form renewable
sources with regards gross final energy consumption is at least its national overall targets.
Article 2 defines 'energy from renewable sources' as energy from renewable non-fossil sources, i.e. wind,
solar, aerothermal, geothermal, hydrothermal and ocean energy, hydropower, biomass, landfill gas,
sewage treatment plant gas and biogases.
Article 4 of the directive states that; each member state should adopt a National Renewable Energy Action
Plan (NREAP). The individual NREAP should set out national targets for the share of energy from
renewable sources consumed in transport, electricity and heating in 2020 (European Union, 2009).
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2.41 National Renewable Energy Action Plan (NRl-iAP) - li'eland
Irelands NREAP sets out the Governments strategic approach to deliver Irelands 16 % target under the RES
Directive 2009/28/EC. As part of the NREAP Irelands targets are listed in Table 1 below.
Energy Consumption
Electricity
Heating
Transport

RES-E
RES-H
RES-T

Target(%)
40
12
10

Table 1; NREAP Targets

The government has set a target of 40% electricity consumption from renewable sources by 2020, as
already mentioned the latest report from CER indicates that we achieved a RES-E of 20% in 2011
(Commission for Energy Regulation, 2012). In recent years the majority of growth in this sector is
attributable to onshore wind production. However as wind energy is intermittent, this can pose problems
for the grid. Effective grid management is required to manage the wind produced in a way which sees it
stored during high production so it can be used at a later date. Electric Vehicles could facilitate this
management and store the electricity produceded by wind.
WWTP Anaerobic digestion biogas production, subsequently utilised in a CHP unit can provide a renewable
source of electricity for export to the grid, which could contribute to the national 40% target. With correct
analysis of feedstock, co digestion with high calorific feedstock's, design and operation optimisation; AD
biogas via CHP can provide a less intermittent source of electricity for the grid, whilst also serving to meet
the target.
The government's financial market support mechanism REFIT III (Renewable Energy Feed in Tariff) is
helping the RES-E sector. REFIT historically covered onshore wind, small scale hydro, biomass landfill gas
and other biomass. REFIT III specifically covers biomass technologies including anaerobic and high
efficiency CHP. This support mechanism aims to encourage the development of a more sustainable fuel
mix to ensure security of supply.
The government's target of 12% thermal heating to be supplied from renewable sources by 2020 is very
ambitious. In 2011 renewables were providing only 5 % of RES-H share (SEAI, 2012). The NREAP has
identified that renewable heat will pose a considerable challenge for Ireland for a myriad of reasons
including our historical, geographical and demographic reasons. The NREAP sets out that the initial focus
will be on the biomass sector, but later with a focus on geothermal (Department of Communications,
Environment and Natural Resources, 2009). Also with no market support mechanism in place for RES-H
such as REFIT, development in this area is unsupported and growth is diminutive.
Biomass is defined in the RES directive 2009/28/EC as the biodegradable fraction of products, wastes and
residues including industrial and municipal wastes and wastewater biogas. WWTP wastes fall under this
category or there could be co digestion potentials with WWTP sludge's to boost biogas production, which
could either be used in a CHP to generate heat and power to the plant or exported to the grid.
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2.5 Biofuels Obligation Act 2010
The National Biofuel Obligation scheme 2010 obliges all road transport fuel suppliers to use biofuel in the
fuel mix. The initial percentage stood at 4% (by volume, 3.2% by energy); ho\A/ever the rate was increased
in January 2013 and now stands at 6%. The scheme sets out to ensure that a certain percentage of the
transport fuel used in the state consists of biofuels. This obligation scheme will contribute in achieving the
10% RES-T target in the NREAP by 2020. The biofuel will not differentiate between different fuels; it is
applied as a percentage of annual mineral petrol and diesel sales. In terms of support for biofuels (e.g.
sewage sludge biogas upgraded as a transport fuel), there will be double certification (two tradable
certificates will be awarded instead of one) for biofuels produced from waste.
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3.0 Key Drivers for Resource Recovery
3.1 Overview
In recent years increased concerns about climate change, GHG emissions, elevated rates of energy
consumption, increasing operational costs (OPEX) in municipal WWTPs have led to a request for a strategic
paradigm shift of the role of WWTPs, from being merely waste removal facilities to RR facilities, including
energy, nutrients and water (Cao, 2011) (Wallis-Lage, et al., 2011).
The Global Water Research Council (GWRC) has outlined, in their 2008 report, the inextricable link
between water and energy. Sufficient water is required for the generation of energy, while energy
production affects the availability of water. Energy is required for all aspects of water and wastewater
treatment, while water is required for energy generation. As both resources are under pressure with
regards increasing demands and subsequent limitations, the GWRC report conveyed an imperative goal for
the future in water and wastewater treatment; 'An energy and carbon footprint neutral urban water cycle
by 2030' (GWRC, 2008).
The Dutch have developed a roadmap for the WWTP of the future (2030) which focus on innovation to
meet effluent quality standards at affordable costs. The NEWs (Nutrient, Energy and Water Factory) study
initiated by the GWRC focuses on a resource approach as opposed to a waste approach; where
wastewater treatment management becomes a balanced resource management facility in terms of
energy, nutrients and water (STOWA , 2010).
In Australia a country suffering from austere water shortages, it was found that in looking forward to a
more sustainable future for the wastewater industry; considering energy and water efficiency alone is not
enough, the pillars of sustainability triad - environmental, social and economic considerations must also
be taken into account for a truly holistic sustainable approach (Apostolidis, 2010).

3.2 Knergy
In terms of overall energy consumption, the world needs to reduce it's over dependence on non renewable fossil fuels. In Ireland we have been over reliant on imported fossil fuels for our total primary
energy consumption; a problem which was exacerbated by an increase in demand, coupled with the
decline in our indigenous gas supply from Kinsale circa 1995, and a reduction in native peat production. As
a result, for the last decade the percentage reliance on imported fossil fuels is hovering around 90%, with
a figure of 88% in 2009. As can be seen in Figure 1 below from an SEAI report, Irelands import dependency
is significantly higher the ED average.
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Figure 1: Import Dependency of Ireland and the EU 1990-2009 (SEAI, 2011).

Figure 2 below details Irelands net fuel imports by fuel type from 1990 through to 2009. Two important
aspects to note are the increase in gas imports from 1995, primarily for electricity production,
corresponding with the aforementioned decline in Kinsale gas, and the large increase in oil imports
primarily for transportation. The decrease in 2009 corresponds with a decrease in all demands due to the
recession.
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Figure 2: Irelands imported energy by fuel 1990-2009 (SEAI, 2011).
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'i.2.1 Renewable bnergy Source - Rlectric (RRS-H)

In Ireland we are predominantly dependent on fossil fuels for our electricity generation, although a slight
change is occurring more recently due to robust growth in the onshore wind energy sector. In 2011 details
of our fuel mix for electricity generation were published by the Commission for Energy Regulation (CER)
and are evident in Figure 3 below.
As can be seen in Figure 3 below, imported fossil fuels accounted for 70.29% of our electricity production
in 2011; a mix of gas (55%), coal (15%) and oil (0.29%). It should be noted that this is an improvement, for
example examining 2010 data; 77% of our electricity was produced from imported fossil fuels; a mix of gas
(63%), coal (13%) and oil (1.1%) (Commission for Energy Regulation, 2012).
Flowever this over dependence still leaves us in a very vulnerable position in terms of our security of
supply given the high percentage of gas used for electricity production at 55% in 2011, and particularly as
we are located at the end of the gas line. Also we are also very exposed in terms of scarcity of supply in the
event of any geopolitical or political issue in the short term, and rising unpredictable energy costs.

Ireland Fuel Mix 2011 %

■ Gas
■ Peat
■ Coal
■ Oil
■ Wind
■ Net Imports
■ Hydro
■ CHP
® |lfg

Figure 3: Irelands Fuel Mix 2011 (Commission for Energy Regulation, 2012).

Improvements are evident though, for example gas and oil production reduced from 2010 figures, whilst
wind energy proportionately increased. Irelands national indigenous renewable supply has increased in
recent years, with electricity from wind generation increasing from 10% in 2010 to 17% in 2011 (See Figure
3). This increase will help to escalate our security of supply and combat scarcity of supply issues also. Also
as a country we will have more control over energy costs. Overall in 2011 renewables accounted for 20%.
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This is an increase of 75% from 1990 levels which saw renewables accounting for a mere 5% of our
electricity production.
By diversifying the fuel mix further to include biomass and wastes including wastewater biogas, we can
achieve an increased security of supply whilst also dealing with resource management of the energy rich
wastes. Currently, WW biogas produced on WWTPs is used in CHPs to provide heat and/or power for the
WWTP in the main. The existing installed capacity is approximately 4.8 MW, accounting for approximately
0.1% of electricity generated in 2011 (SEAI, 2012).
This figure is estimated due to poor response rates to the SEAI survey. It is important to note that
efficiencies can be improved in the process; also biogas production rates can increase, and as REFIT III
extended to include sewage sludge AD/CHP (Anaerobic Digestion/Combined Heat and Power) in 2012
there is an incentive in the form of financial market support to encourage WWTP operators to boost
production and efficiencies, and thus increase the contribution to electricity generation.
Figure 4 below illustrates that as efficiencies in the electricity grid in terms of supply increase; there is a
corresponding decrease in GHG emissions. Efficiencies have improved from 33% in 1990's to over 45% in
2010 (SEAI, 2011). If Ireland meet their 40% RES-E target by 2020 it is expected that with that level of
renewable source for electrical generation that the efficiencies will increase to approximately 65%. GHG
emissions have reduced accordingly from 896 g C02/kWh in the 1990's, to 528 g CO2/ kWh in 2010 (SEAI,
2011). If Ireland increases efficiency of electricity generation to 65% in 2020 there will be a corresponding
decrease in GHG emissions to approximately 330g C02/ kWh.

Figure 4: C02 Emissions per kWh and Efficiency of Electrical Supply 1990 - 2010 (SEAI, 2011)
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3.2.2 Renewable Energy Source - Thermal (RKS-H)
In terms of thermal energy Ireland is again over reliant on imported fossil fuels, with imported oil being
the dominant fuel accounting for 49% of the primary energy used for thermal heating in 2011 (SEAI, 2012).
In 2010 Irelands total thermal heating was supplied from a mix of fossil fuels (95.6%) and renewables
(4.4%). Ireland did have a target of 5% of renewables for thermal heat by 2010 but this target was not met
until 2011 (SEAI, 2012). The growth in this sector and the main contribution of the 4.4 % was initially
primarily due to wood products and the food sector.
The NREAP outlines that the initial focus to encourage growth in this sector will be placed on biomass in
the coming years for thermal energy (Department of Communications, Environment and Natural
Resources, 2009). Biomass in all its forms defined in the RES Directive has huge potential to help achieve
greater security of supply in the thermal heat sector.
AD of biomass and waste products such as sewage sludge's, agricultural slurries, wastes from agri-food
sectors including brewery's; and co digestion potentials with other biomass such as high carbon food
wastes, has the potential to provide a heat input to the thermal energy sector. AD of organic matter
produces a biogas which can be used in boilers to provide heat locally or onsite of generation, or the
biogas can be used in a CHP unit to provide heat and/or power.
Alternatively the biogas could be upgraded to natural gas standards on the WWTP by physical scrubbing
using final effluent water and injected directly into the gas grid thus contributing to the thermal heat
targets. The latter practice is currently not conducted in Ireland, but successful examples are evident in
Europe and will be discussed in detail in Section 6.
3.2.3 Renewable Energy Source - Transport (RES-T)
Imported oil is the dominant fuel in Irelands transport sector, and we are thoroughly dependent in each
transport mode. There is a 100% import dependence on oil in Ireland, thus making it the most vulnerable
sector (SEAI, 2011). This dependency leaves us exposed to rising oil prices and raises scarcity and security
of supply issues for us on an immense scale.
The transport energy mix needs diversification to take the emphasis off our dependency and allow us to
become more self-sufficient and reliant on alternative renewable sources. In terms of energy security of
supply and reducing carbon emissions, biofuels and electric vehicles (EVs) offer a viable alternative to the
dependence of oil in the transportation sector. The government are supporting these efforts through
legislation as already discussed, market support in the obligation scheme, and investment into the area.
Biofuels are transport fuels derived from biomass feedstocks which includes biogas from sewage sludge.
Obligations now exist under the biofuel obligation scheme 2010 whereby the fuel suppliers need to
include biofuels into the fuel mix.

3.3 Nutrients
Kroiss (2004) in a report investigating 'What is the potential for utilising the resources in sludge?'
concluded that Phosphorus (P) is the most valuable element in WW from an economic and sustainability
point of view (Kroiss , 2004). Nutrient recovery in WWTP is becoming an increasingly significant topic.

Aoife Moloney

Page 12

Key Drivers for Resource Recovery
particularly where P is concerned as it is a declining finite resource. Perhaps a more worrying issue is that
there appears to be a lack of general knowledge surrounding this topic, coupled with the fact that it seems
to be less well researched when compared to the existing knowledge of the implications of global energy
and global water scarcity or security of supply issues.
The element P is found in ore deposits around the world, with the largest sedimentary deposits found in
North Africa chiefly Morocco, China, Middle East and the US, primarily Florida (Jasinski, 2011). P is a hugely
important natural mineral which is required for plant and food growth, and there is no known substitute
for it in agriculture. It can, in part, be attributed to the growth in world's population by providing fertiliser
to promote crop growth to ensure enough food stocks to cater for the growing population. However, on
the other hand it is also responsible, in part, to increased pollution and eutrophication of the world's
water courses from agricultural run-off and wastewater treatment plants.
Figure 5 below demonstrates the dramatic increase in the use of mined phosphate rock compared with
other sources of phosphorus from approximately 1940 onwards. This increase corresponds with an
increase in the global population combined with an increase in food demand and urbanisation. Historical
sources of Phosphorus such as manure and guano were no longer sufficient to supply enough phosphorus
for a growing global population and its associated needs.

1800 1810 1820 1830 1840 18S018601870 1880 18901900 1910 1920 1930 19401950 1960 1970 1980 1990 2000 2010

Year
Figure 5: Global sources of phosphorus fertilizer (Cordell, et al., 2009).

Currently we face a situation where there is a depletion of P stocks; a finite natural mineral globally, and if
this problem is not solved the worlds natural P stocks will disappear. The issue of food scarcity of supply
due to a decrease in P stocks is not yet widely discussed. However, the non-renewable global P stocks are
on course to deplete in the coming years. Estimates of how much P remains vary widely, some studies
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estimate that P reserves will endure for 400 years, while other studies predict stocks to last no more than
50 - 100 years (Cordell, et al., 2009).
As the demand for P increases globally the peak in production is expected to occur within the next 30
years, with some studies estimating the peak to occur circa 2030 (Cordell, et al., 2009). M. K. Hubbert
successfully predicted peak oil in 48 US states in the 1970s, following his discovery that oil production
followed a bell - shaped curve (Dery & Anderson, 2007) . Hubbert's method was later applied to try to
predict peak P. The analysis took into account estimated global P reserves in 2007 (2358 Mt P) and P
production from 1900 to 2007 (882 Mt P based on US geological survey data); a combined total of 3240 Mt
P. Gaussian distribution and least squares methods were applied to the data to form a bell - shaped curve.
The results of the curve estimated peak P to occur in 2033, as can be seen figure 6 below (Cordell, et al.,
2009).

Peak phosphorus curve

Figure 6: Indicative Peak P Curve, illustrating peak in 2033 after which a significant decline in production (Cordell, et al., 2009).

The curve would appear to be an accurate prediction for two reasons. Firstly, the data in the curve of P
production estimates approximately 24 to 25 Mt of P productions for 2011 which corresponds well with
current mined P figures of between 16.2 and 24.8 Mt P. Secondly, the actual P production since 1900
plotted corresponds well with the curves predictions. The exact timing of the peak is not 100% definite, as
the actual peak will depend on changes in supply and demand and changes in production costs.
However what is certain is that when the peak does occur, a consequence will be a situation of scarcity of
supply, which will be naturally coupled with an increase in price of mined P, which will in turn lead to an
increase in fertiliser costs. By recovering P from wastewater we can not only tackle P depletion and
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provide an enhanced security of supply of P and in turn world food supplies, but we can prevent
eutrophication of water sources and meet more stringent water quality legislation.

3.4 Water
Water; while it is a renewable resource, it is also a finite source. 70% of the earth's surface is water,
however only 2.5 -3 % of this is freshwater, with approximately 1 % of that accessible for all the global
needs as illustrated in Figure 7. This 1 % must meet the personal, domestic, agricultural, and industrial
global demands. The distribution of water throughout the world is not analogous, some regions suffer
devastating relentless drought, whilst other regions endure the equally devastating effect of flooding and
the more extremal flooding events of recent times; high intensity rainfall over short periods.
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Figure 7: World Water Resources (Gleick, 1993)

3.4.1 Water Cycle
The water cycle as illustrated in Figure 8 below is a continuous cycle and it ultimately controls the world's
water resources. It is an intricate interconnected system which details the continual movement of water
as it circulates from the land to the sky and back around again. In summary, the cycle involves evaporation
of water from the earth's surface caused by energy from the suns heat, which in turn causes condensation
of the water vapours, which is followed by precipitation, which then runs off and eventually returns back
to the waterways.
As can be seen in the diagram, evaporation of water from the oceans, lakes, and rivers occurs; also plants
emit water into the air in a process termed evapotranspiration. Condensation of the water vapour occurs,
whereby small droplets are formed in the clouds. Precipitation in the form of rain sleet or snow takes
place when the clouds meet the cool air over the land. In this way the water returns to the land (or sea),
and a portion of the precipitation saturates into the ground. Some of this water becomes groundwater,
with the remainder flowing off downhill as runoff, which eventually returns to the sea.
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The other aspect to the natural water cycle described above is how our water supply network and
wastewater treatment systems interact with and within this cycle. Surface waters and to a lesser extent
ground waters are extracted and treated in water treatment plants for human consumption. This water is
distributed to our homes where it is used for drinking, washing, food preparation, and for showers and
toilets. This used water is then either used for flushing toilets or enters the drains where it flows onto the
wastewater treatment plant. Here the water undergoes biological treatment and/or nutrient removal
before being discharge into a receiving water body, thus continuing the cycle.

m-;.

Soljftr Ec««r-«y
Sto«’rr»W4it«»r

Figure 8: Water Cycle Diagram (Pacific Water, 2008)

3.4.2 Issues affecting water resources
Water is a valuable resource, a prerequisite to our survival, and as it is under increasing pressure from
demands due to rising global populations, severe water shortages, and drought in some cases. Different
regions exhibit different water requirements, and their associated water abstraction rates vary depending
on environmental, social and economic conditions. Areas which experience severe water shortages and
droughts are under immense pressure to source alternative water supplies.
Other cumulative environmental and social issues exist, for example water scarcity and droughts which
lead to ecological and human health disasters, regional conflicts over water supplies, and ecological
degradation (Gleick, 1998). These issues are key drivers into sourcing alternative sustainable water
supplies and are driving interest and research in the area of WW reuse. Other issues such as increasing
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water quality standards and the introduction of water charges in some countries are elevating the interest
in treated WW reuse also.
Water not only plays a part in sustaining life, but it also plays a fundamental role in ecosystem support,
economic development and community and social well-being (Gleick, 1998). A more sustainable approach
to water management is required on a global scale. New approaches to long term water planning and
management which incorporate sustainable principles must be developed and considered on a global
scale right down to a local scale. Treating WW to high quality standards has the ability to play an integral
role in increased sustainability of our water supply.

3.4.3 Treated Wastewater Reuse
WW reuse is a topic which in the past has been discounted in general due to people's negative
perceptions and due to quality reasons. However with recent advancements in water treatment
technologies it is becoming more of a possibility as a practical and achievable solution for a myriad of
water supply difficulties, particularly in water stressed regions. Recycled upgraded treated WW could
provide an alternative sustainable water supply on a global scale.
Treated WW can be reused in several ways; as a supply source of industrial water, recreational waters,
agricultural irrigation, watering public areas, or in potable water systems; either as direct potable water
reuse or indirect potable water reuse. In some regions such as Windhoek - Namibia, Wulpen - Belgium,
Santa Barbara - USA and Singapore treated WW is becoming a significant means of supplementing water
supply needs and/or reducing costs (Rietveld, et al., 2011).
A study conducted by Rietveld, et al., in 2011 investigated the possibilities for reuse of treated domestic
WW in the Netherlands. The study concentrated on using the treated domestic WW in three sectors;
public water supply, agriculture, and industry. Regional freshwater shortages and high costs are the key
drivers for WW reuse in the Netherlands. This study concluded that in extreme situations or failure of
treatment steps that a significant health risk could exist when using treated WW, unless extra precautions
are taken which increases costs and therefore reduces feasibility of such applications - in this case.
As the Netherlands is not a low water stressed region the decision not to use treated WW for the above
reason is justified. However in countries which suffer extreme drought, it may be more feasible to invest
more in advanced treatment for direct potable water resuse. The study also concluded that the main and
most appropriate use for treated WW is for industrial and agricultural uses, in particular greenhouse
supply. Although the study does not recommend municipal WW for potable water resuse in this case, it
does highlight the major advantage of WW reuse in its abundant availability and its duplicability. By re
using treated WW it contributes to a more sustainable and natural sequence of water which ties back into
the interconnected water cycle as described above.
In Singapore, the Government's National Water Agency termed PUB, have researched and invested heavily
into using treated WW as a direct potable water source. Currently PUB is operating four NEWater plants
which treat the effluent from WWTPs using advanced membrane technology and UV disinfection. The
plants are currently producing enough water to meet 30% of Singapore's water demand. Singapore plan to
expand the capacity and aspire to meet 50 % of their water requirements by treating effluent to direct
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potable water use standards by 2060 (PUB Singapores National Water Agency, 2013). Further examples of
treated WW reuse will be discussed in detail in Section 6.
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4.0 Potential of Wastewater Treatment Plants
Unsustainable WWTPs are large net energy consumers which consume large quantities of finite fossil
fuels, whilst emitting GHGs such as carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) (Cao,
2011). However, it is possible for these facilities to transform from being mere waste treatment facilities
into more sustainable facilities which is resource focused, which considers energy optimisation, carbon
footprint and GHG emission reduction of paramount importance for more sustainable operations.
A large potential exists to recover energy, water and nutrients in a more sustainable and environmentally
sensitive manner. Municipal WW is bursting with potential with regards energy, water and nutrients; one
report suggests that 1 m^ of domestic WW can supply approximately 2 kWh equivalent of energy,
sufficient water for 5-10 people per day in developed countries, more in developing countries, and
adequate nutrients for at least 1 m^ of agricultural land per year (Keller, 2008).

4.1 Energy Resource Recovery Potential
Table 2 below exhibits the typical energy content of wastewater. The table has been adapted from work
by Tchobanoglous and subsequently Horan to include the approximate energy value in kWh. It should be
noted that 1.0 MJ = 0.278 kWh
Source

Value Range

Chemical Oxygen Demand (COD) in WW

250-800
mg/I
12-15
MJ/kg COD
3.2
MJ/kg TS
15-15.9
MJ/kg TS
12.4-13.5
MJ/kg TS
12.7
MJ/kg TS

Chemical Energy in WW, COD basis
Chemical Energy in WW, dry
Chemical Energy in primary sludge, dry
Chemical Energy in secondary sludge, dry
Chemical Energy in biosolids, dry

Value
MJ/kg VS
N/A

Value
kWh/kg VS
N/A

N/A

N/A

26.6

7.4

23.7
(Based on 15.9)
20.6
(Based on 12.4)
24.9

6.6
5.7
6.9

Table 2; Energy content of wastewater (Tchobanoglous, et al., 2009) (Horan, 2011)

According to a WERF report, the calorific energy content of WW is approximately 21 GJ/MG (1 MG = 3,785
m^), and the embedded energy in WW is on average 1.3 times the primary (source) energy demand, and
on average 4.3 the secondary (site) energy demand for WWT. The report also highlights that larger plants
(> lOMGD or 37,850mVd) require less energy on a unit treated basis than that of smaller plants. With that
reasoning in mind, it is suggested that larger plants are more likely to produce in the order of 10 times
more energy that the energy required for treatment (WERF, 2011), whilst another study estimated a ratio
of 9.3 (Shizas & Bagley, 2004).
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Zero - net energy and energy neutrality in WWT is achievable, some plants may offer greater potential
than others, but all plants should be investigating what potential exists and should be striving towards a
more sustainable approach; which in turn will reduce emissions and operational costs. Such consideration
should be applied at design stage for all new builds, and with retrofitting of older plants. Energy neutrality
must commence with a 'net energy balance' whereby energy needs are balanced by energy supplied
(WERE, 2011). To cultivate a complete energy balance in WWTPs; the plant operators must first identify
process energy requirements which possess a potential to be reduced, followed by identification of
prospects to generate or recuperate energy to supply the remaining WWTP requirements. In summary,
the WWTPs must focus on reducing energy consumption and increasing energy production.

4.2 Process Energy Demand Reduction
Increasing process energy efficiencies is a key component in reducing the process energy demand, thus
increasing overall energy savings in WWTPs. To consider energy demand reduction in WWTP processes it
must first be understood which processes are the highest energy consumers. Figure 9 below exhibits the
energy distribution of a typical municipal WWTP and as can be seen from the chart; aeration i.e. aerobic
activated sludge (AS) processes, exhibits the highest energy consumption at approximately 60 %, followed
by wastewater pumping at 12%, and AD at 11 %. As aeration is the highest energy consumer in the
majority of WWTPs it would be prudent to focus on this process first to improve efficiency and therefore
reduce energy demand and improve energy savings.
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4.2.1 Aeration Demand Reduction

Typical aerobic AS processes consume vast quantities of air, and therefore consume high energy. Aeration
ability is determined by three factors: (1) Oxygen demand (OD) of the microbes to breakdown the
biodegradable COD (bCOD), oxidation of NH4 -N and biological phosphorus removal, (Ideally you want to
provide enough air for those processes to occur, but not to waste air for the endogenous respiration
stage), (2) Sludge Retention Time (SRT) (High SRT leads to low sludge yield, thus high aeration
requirements, if the SRT is reduced oxygen requirements will be reduced); and (3) Aeration efficiencies
including equipment and control philosophies. The OD is typically lower than the actual air supplied, and
optimisation techniques can reduce this difference, thus making the system more efficient (Cao, 2011).
Aeration energy savings can be achieved in a number of ways. Firstly when choosing the type of system it
is important to understand that some systems are more efficient than others, coupled with the fact that
their specific oxygen supply capacity differs e.g. fine bubble diffusers supply more air than that of surface
or coarse aerators. Also, fine bubble diffusers provide fine bubbles which offer more surface area than
coarse or surface aerators, thus allowing for enhanced oxygen transfer of the oxygen gas to the liquid form
- dissolved oxygen (DO). By using diffuse aerators it has been noted than energy consumption can be
reduced by approximately 10 % (Pakenas, 1995).
Secondly, dynamic control of the DO can be achieved by using variable speed drives (VSDs) for positive
displacement air blowers or inlet vane control for centrifugal blowers in conjunction with online DO
sensors to control the actual amount of air required (Cao, 2011). The blowers react and ramp up and down
according to the DO measurement and requirement in the aeration lanes. Online sensors such as DO, NH4N, and microbial respirometers can offer dynamic aeration control, providing exactly the required amount
of air for the microbes to break down the bCOD and NH4-N, but not over aerating so as to provide air
unnecessarily or for the microbes own endogenous phase. Savings of up to 30% has been reported
through such sensor based dynamic control mechanisms (Pakenas, 1995). Finally, aeration energy
consumption can be reduced by using sensor based intermittent aeration techniques. This method has
been tried and tested in large scale plants, and energy savings have been reported from Strass WWTP
(Wett, 2007).
4.2.2 Innovative Side Stream Returns and Low Energy Treatment Technology

Alternatively, there is potential to reduce energy consumption if there is a complete change from aerobic
treatment systems, to anaerobic or anoxic microbial processes, some of which offer significant potential to
reduce the energy demand of treatment processes. One such innovative anaerobic treatment system
which is gaining increasing awareness is Annamox - anaerobic ammonia oxidation. Annamox can and is
being used effectively on a small scale to treat high ammonium concentration loads from AD sludge
returns, primarily in Europe.
Annamox bacteria are autotrophic, plantomycete- like, anaerobic, ammonia oxidising organisms. Annamox
bacteria oxidise ammonia directly to nitrogen gas, by using nitrite as an electron acceptor and carbon
dioxide

as

an

energy

source

under

anaerobic

conditions

(Cao,

2011).

Unlike

typical

nitrification/denitrification in AS systems, there are no associated aeration costs, a carbon substrate is not
required, carbon dioxide is not emitted and there is a low sludge yield. Cao et al., preliminary estimations
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indicate that Annamox used in the main stream, replacing aerobic AS systems may save 70 % on aeration
energy, increase methane production by 50 %, reduce sludge production by 50 % and reduced CO2
emissions by 50 %.
Side stream return loads from the AD process put additional pressures on the AS biological process due to
their high ammonium loading characteristics, thus increasing energy demands. If these side stream return
loads were to be reduced or removed, this would reduce the energy demand of the AS aeration system
considerably. Another similar available technology is DEMON which is a de-ammonification system that
was developed in Innsbruck University. The first step of the process involves oxidation of a portion of the
ammonia to nitrite by nitrifying bacteria. Then the second step of the reaction is the activity of the
deammonifying bacteria which utilise nitrite and the remaining ammonia to produce nitrogen gas. The
DEMON process allows both nitrifying and deammonifying bacteria to co-exist in a single reactor, even
though each bacteria exhibit very different growth demands.
Processes such as DEMON and Annamox (discussed above) have been applied to treat the returns from
the AD process; some applications have seen significant reductions in energy consumption e.g. Demon
was applied to treat centrate returns in Strass WWTP.
The process can also be used on a larger scale to treat the entire main stream WWTP load (where the COD
load is pretreated marginally before being sent to AD to maximise conversion of C to CH4), which would
negate the requirement for costly aeration in the traditional AS biological systems. Trials and research are
ongoing to determine whether these processes can be scaled up cost effectively to treat the main stream
load; thus providing a real, energy efficient, cost effective, replacement for the traditional aerobic AS
system; but long start up times (as bacteria are extremely slow growers), temperature sensitivity, and lack
of operational experience are deficiencies which need to be addressed. (Wett, 2007).
4.2.3 Impi'oved Decentralised Screening'rechniqiies

A recent development is the investigation of increased sustainability and increased energy production in
WWTP operations by improving screening methods on the trunk mains at satellite treatment facilities and
pumping stations, with the view to replacing primary settlement at the main WWTP. By using the screens
at these locations more particulate matter can be recovered before deposition and particle matter
reduction due to abrasion and mixing in the collecting system occurs (Tchobanoglous, et al., 2009). This
prevents the loss of chemical energy, reduces the need for need for new facilities if plants are overloaded,
takes the organic load off biologically overloaded systems (up to 50%), and generally improves process
sustainability (Tchobanoglous, et al., 2009).
Results have shown that by using a 200 micron cloth screen system, treatment results equal to or better
than primary sedimentation (Tchobanoglous, et al., 2009). It was also found that tissue paper captured by
the screen served as a secondary filter for oil and grease. The solids removed from the screen are
dewatered and then treated to extract the energy in an AD unit, or via combustion or gasification.
4.2.4 Mechanical and Electrical Equipment Efficiency

With regards the other energy using equipment on site e.g. pumping and mechanical high energy users, it
is essential to adopt and use high efficiency equipment to ensure high energy savings. Electrical drives and
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pumps should be used instead of hydraulic systems; VSDs should be used for air blowers and pumps; and
high efficiency motors, pumps and blowers should be used to maximise efficiencies, thus reducing energy
consumption and saving costs.

4.3 Energy Production Prospects
Having investigated the energy balance in terms of energy consumption, and how it can be reduced, it is
now imperative to investigate the other side of the energy balance - energy production. As already
mentioned there is energy in WW, therefore there is a large potential to produce energy. Energy
production technologies are well established in WWT, with some new emerging innovative technologies
also starting to appear. The following sections will address the biodegradation route (AD) and the thermal
conversion routes of energy production.

4.3.1 Anaerobic Digestion (Biodegradation Route]
Perhaps the most widely used and well established technology for producing energy in WWTP is AD. A
study completed by the Lawrence Berkeley National Laboratory in 2005 estimated that the energy
potential in municipal wastewater from AD was equivalent to generating 7.2 million MWh of electricity,
annually in the United States (Bailey & Worrell, 2005). In Europe, 25.2 million MWh of electricity was
produced from AD biogas in 2009, a 17.9 % increase from 2008. The WWTP contribution was 9.38 %,
which equates to a total of 2.36 million MWh per annum (Lazarova, et al., 2012).

4.3.1.1 AD Process
AD is a process whereby thickened sludge undergoes a biological degradation process by anaerobic
bacteria. This decomposition of organic waste in the absence of oxygen produces a biogas which is
typically composed of 55 - 70 % CH4, 30-45 % CO2, 0-15 % H2S, and 0-0.45% NH3. The biogas has a calorific
value of approximately 20-28 MJ/m^ (Murphy, 2006). Electricity produced from the biogas is a renewable
source of electricity, with no GHG emissions associated.
AD is a complex 4 stage metabolic processes; which involves hydrolysis, acidogenisis, acetogenisis, and
methanogenisis. Hydrolysis, usually the first step, occurs when the organic wastes such as proteins,
carbohydrates, fats and lipids are hydrolysed by extracellular enzymes (excreted by fermentative bacteria)
to produce amino acids, simple sugars, and long chain fatty acids respectively (Polprasert, 2007).
Hydrolysis is carried out by acidogenic bacteria; the fermentative bacteria act as a catalyst and hydrolytic
bacteria complete the hydrolysis step. Hydrolysis is rate dependant on pH and temperature.
Acidogenisis or acid formation occurs when the dissolved compounds in the cells of the fermentative
bacteria i.e. long chain fatty acids and sugars are converted into more simple short chain fatty acids,
alcohols, NH3, H2, and CO2 (Polprasert, 2007). Acetogenisis occurs when the short chain fatty acids are
converted into acetate, H2 and CO2. H2 is a by-product of bacteria metabolism, however it can poison the
environment; thus these bacteria need to work with other trophic groups e.g. H2 reducing bacteria to
maintain a healthy environment.
Methanogenisis or methane formation is completed by methanogenic bacteria which are strict anaerobes.
Aceticlastic bacteria use acetic acid and methanol to produce methane. However these are inefficient in
acetate uptake, therefore exhibit slow doubling times. These produce approximately 70 % CH4.
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Hydrogenophilic bacteria use CO2 and H2 to produce methane. These reduce H2 concentrations within the
system; therefore they are good for the acetogenic bacteria as an efficient uptake of H2 can lead to fast
doubling times. Methanogenic bacteria regulate and neutralise the pH of the digestate (Polprasert, 2007).
The 4^^ trophic group in the AD process are the homoacetogenic bacteria which are H2 consuming
acetogens and are outcompeted for H2 by methanogens. This reaction results in a low concentration of H2,
which is of benefit to the acetogenic bacteria as H2 poisons their environment. The importance of
aceticlastic methanogens as primary CH4 producers (70 %) increases as there is less H2 available for
hydrogenophilic bacteria (Murphy, 2006). The cumulative effect of the four trophic groups ensures a
healthy and stable AD system.
Various environmental conditions affect the AD process, thus biogas production. Sufficient nutrient
concentrations are required to ensure good growth, the C: N ratio is also important. Bacteria use carbon
25-30 times faster than nitrogen, therefore for optimum digestion a C: N ratio of 25:1 or 30: 1 is
recommended. The optimum operational pH range is between 7 and 7.2. If the pH drops below 6.6 then
accumulation of volatile fatty acids (VFAs) takes place, and the efficiency of the methanogens slows. Low
organic loading rates (OLR) yield lower quantities of gas in a large digester. Hydraulic retention time (HRT)
can also impact performance, if the HRT is too low, there will be insufficient time for the bacteria to
degrade the waste, if the HRT is too long this will lead to an inefficient expensive process. Other
environmental conditions such as temperature and moisture content effect digester performance.
4.3.1.2 Biogas
The biogas produced from AD is a versatile gas which can be used in several ways. Biogas can be used to
provide heat only or heat and power. The heat only can be used for heating the digester and/or district
heating. The biogas can be converted into heat and electricity using combined heat and power (CHP) units.
The electricity can be used on site for the process and any excess exported to the grid, while the heat can
be used to heat the digester and the WWTP buildings. AD with CHP is a mature technology and is very
successful at recovering and generating energy. Other uses for biogas include direct gird injection and as a
transport fuel; however the gas needs to be cleaned for later applications (see section 4.3.1.3).
A more recent innovative use of biogas is emerging from Columbia University whereby the CH4 content in
the biogas is converted to methanol (CH3 OH), a liquid biofuel, by ammonia oxidising bacteria (AOB). These
microbes biologically oxidise CH4 to CH3 OH. The microbes lack the ability to produce or utilise CO2, which
is a component of biogas, approximately 30-45%, as a growth substrate. Dr. Kartik Chandran has received
the Water Environment Research Foundation's (WERF) 'Paul L. Busch Award' 2010 for exploratory
research into this AOB process, where methanol may also be used as a carbon source for biological
nutrient removal (WERF, 2011) (Columbia University, 2010).
Within the AD process, the readily biodegradable portion of the volatile solids is converted to biogas;
therefore biogas yields and volatile matter removal vary depending on the type of sewage sludge digested.
The greater the biogas yield, the greater the energy savings which can be achieved. Primary sludge, with a
high fibre and lipid content, low protein content, a C: N ratio of 14, has a corresponding biogas potential of
0.82 - 0.97 mVkg VS destroyed (Horan, 2011), with other reports suggesting 0.85 - 1.2 mVkg VS
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destroyed, with a volatile matter removal rate of 50-55 % (Lazarova, et al., 2012). Secondary sludge, with a
low fibre and lipid content, high in protein, a C: N ratio of 5.4, has a corresponding biogas potential of 0.77
-0.87 mV kg VS destroyed (Horan, 2011), with other reports suggesting 0.75 - 1.0 mV kg VS destroyed,
with a volatile removal rate of 45-50 % (Lazarova, et al., 2012).
As primary sludge has a higher potential biogas yield it is imperative to optimise the primary sludge tank
(PST) operation. The main priority is to obtain the maximum amount of COD from the primary stream
which can be sent to the AD units for energy production. By maximising COD removal at this stage, the
maximum amount of carbon is available for CH4 production and not for CO2 production in the AS system if
not removed. Primary sludge removal can be enhanced by using a range of physical - chemical processes
such as improving tank removal efficiencies, increasing the hydraulic retention time (HRT), and chemical
dosing of ferric chloride.
The amount of primary sludge available depends on the removal efficiencies of the PSTs; this can vary
from 40 - 70 % for TSS removal (Metcalf and Eddy, 2003). Increased precipitation maximises the amount
of primary sludge removal for increased biogas yields, which in turn produces an added advantage in that
less COD will be going forward for AS treatment process, and therefore there will be a corresponding
reduction in aeration requirements, thus reducing costs. Plants using this system have achieved 80 % TSS
removal, resulting in increased biogas production of approximately 3,000 kW (Cao, 2011).
Biogas production can be further boosted by co-digestion practices, whereby lower calorific wastes are co
digested with higher calorific wastes e.g. fats, oils and greases (FOGs) or food wastes to enhance the
biogas yield. Reports suggest that FOG digestion yields a high quality and large quantity of biogas,
approximately 2.4 kg COD/kg VS (Horan, 2011), and other reports suggest production rates of up to 1.3
times that of typical sludge digestion (WERF, 2011). It has also been highlighted in current research that
FOG addition has a synergetic effect on the AD process, with higher biogas yields than would be expected
by the sum of separate sludge and FOG digestion (WERF, 2011).
Production can also be enhanced by pre-treatment of the sludge. Various methods exist; which include
physical, chemical and biological, but generally they involve intervention at the hydrolysis stage of the AD
process (as hydrolysis is the limiting factor). Pre - treatment aims to assist in the breakdown of the
complex organic particles into more soluble compounds. Sludge from the pre-treatment systems is
typically higher in soluble COD compared to untreated sludge. It has been suggested that pre-treatment
has the potential to more than double the readily biodegradable fraction; resulting in a 30-60 % biogas
production compared to AD without pre-treatment (WERF, 2011).

Pre-treatment technologies boast an

increase in biogas production and volatile solids destruction, enhanced digester capacity, reduction in cake
disposal costs, high pathogen removal and improved dewatering capability of digested sludge (Horan,
2011).
Table 3 below outlines technical data for sludge pre-treatment processes for the improvement of biogas
production. The table lists the different methods of pre-treatment and their relative intrinsic worth in
terms of digestibility and dewaterability. The table highlights the most promising methods in terms of
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improvement of treatment efficiency (i.e. boosting biogas production and removal of VS) as thermal
treatment, ultrasound, lysing centrifuge and mechanical and chemical treatment.
Type of pre
treatment
Thermal

VS removal
yield
+ 10-30%

Biogas
Production
+10-30%

Dewatering
+50-100%

Mechanical
Lysing
Centrifuge
Ultrasound
Ozonation

+0-22%
+12-17%

+0-22%
+15-30%

+15-30%
+2%

+12-17%
+0-11%

+25-45%
+0-11%

+0-50%
-3%

Biological
Chemical &
Mechanical

+0-44%
+10-16%

+0-44%
+90-100%

+0-20%
N/A

Return to
head
1.9-2.4 g/L
N-NH4
N/A
+8% N-NH4 +
11% BOD5
High N -NH4
+4-17% NNH4
+60% N-NH4
+10-20% NNH4

Foaming
N/A
+
+
“

Table 3: Technical data for sludge pre-treatment technologies (Camacho, et al., 2008)

Thermal hydrolysis appears to be the most promising technology which would explain why the most
successful technology commercially applied is the thermal hydrolysis Cambi Technology and BioThelys
from Veolia. Thermal hydrolysis uses heat and pressure at the hydrolysis stage to breakdown the sludge
into more soluble compounds, which are more easily converted to energy in AD. As the biodegradability
of primary sludge is much higher than secondary sludge, pre - treatment is often only carried out for
secondary sludge's. Therefore selective pre - treatment will reduce the size and cost of the pre treatment operations.
4.3.1.3 Bioga.s Cleaning

Biogas contains contaminants such as H2S, CO2, moisture and siloxanes (WERF, 2011). Therefore
depending on its final end use the biogas may need to be cleaned and upgraded. Table 4 below outlines
the four potential uses of biogas and the standard level of upgrading which is required for each use.
Application
Gas heater (boiler)
Stationary Engine
(CHP)
Vehicle Fuel
Grid Injection

Removal of H2S
<1000 ppm
<1000 ppm

No
No

Yes
Yes

Recommended
Yes

Removal of CO2

Removal of H2O
No
No (condensation
should occur)
Yes
Yes

Table 4; Recommended biogas upgrading for various biogas uses (Wellinger & Lindberg, 1999)

It is recommended to reduce or remove hydrogen sulphide (H2S) completely (depending on the use) as if
water (H2O) is present, a reaction can occur between the H2S and H2O to produce sulphuric acid (H2SO4),
which is highly corrosive and can lead to damage of gas utilisation equipment. H2S is also a highly toxic gas
to humans; consequently, from a health and safety perspective it is important to monitor the H2S in the
digester area also (Murphy, 2006). H2S can be removed using sodium carbonate (Na2C03), or by absorption
onto iron via iron oxide wood chips, activated carbon, or alternatively by the most common and cheapest
method air dosing.
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Air dosing is relatively maintenance free and requires low investment costs compared to the other
methods. Oxygen is introduced to the system, and aerobic bacteria oxidise the H2S to form sulphur (S) and
water (H2O). This method has been reported to exhibit efficiencies of 80-99%, allowing the biogas to be
used in gas engines, but not for direct grid injection to the national grid (Murphy, 2006).
Carbon dioxide (CO2) removal is recommended for vehicle fuel use and required for grid injection. CO2 can
be removed by physical or chemical means. Physical means include water scrubbing; the advantage of this
being that water scrubbing can be used to remove CO2 and H2S (both of which are more soluble in water
than methane). WWTP final effluent water can be used for this process which offers an added advantage
in that it is a water reuse potential. Chemical removal involves a chemical scrubbing process which is
similar to water scrubbing except a chemical solvent is used in which both CO2 and H2O are more soluble
than methane, also the chemical solvent is more effective than water. Alternatively carbon molecular
sieves or 'pressure swing absorption' can be used if water resources are low and H2S concentrations are
high, but this is an expensive process. Cryogenic systems or membrane technology can be used to remove
CO2 also (Plasynski & Chen, n.d.).
The combustion process can produce silicon dioxide from siloxanes; compounds containing silicon, oxygen
and methane CH4 (WERF, 2011), which is a coarse material that causes excessive accelerated wear to
moving parts in the process. To protect equipment siloxanes must be removed by absorption onto
selective media or activated carbon.
4.3.2 Thermal Conversion Route
Thermal conversion degradation involves either the complete or partial oxidation of the volatile fraction of
the biosolids. Energy can be recovered from the heat liberated during the oxidation process. Thermal
conversion processes include thermal drying, incineration, gasification and pyrolysis as discussed below.
4.3.2.1 Thermal Drying
Thermal drying dries out the sludge reducing the bulk of the dewatered cake by fourfold (Horan, 2011),
thus making the final product easier to manage. The end product biosolid is a nutrient rich, stable,
pasteurised, product which can be stored for long periods until end uses become available e.g. agriculture,
horticulture, forestry and landfill capping. The drying process has been used in WWT for a long time,
however inefficiencies, high operating costs, and more recently a move away from land spreading in some
countries, have resulted in dryers are becoming less popular.
Dryers are categorised into: direct dryers, indirect dryers and a combination of both. Direct systems
include Rotary Drum Dryers and the Flash Dryers. Within these systems the feedstock comes into contact
with the drying medium, usually hot air, and as a result the evaporated moisture has to be separated from
the drying medium at some stage in the operation. Indirect systems such as disc and thin film dryers
operate whereby the drying medium and the product are kept separate. This allows for greater control
over emissions, also there is no contamination of the heating medium.
4.3.2.1 Incineration
Incineration is a common and proven method of reducing the mass of solids of its feedstock e.g. biosolids.
Switzerland is incinerating 100 % of its WWTP sludge since 2005. Traditional incineration processing of
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biosolids included fluidised bed reactors (FBRs) and multiple hearth furnaces (MHFs) (Cao, 2011).
Incineration is a combustion process which produces carbon dioxide (CO2) and water (H2O) as well as ash
which is residual. The energy recovered from the process may be hot water or steam and can be used for
electricity and or heat generation. Incineration for waste volume reduction is widely used, but waste heat
recovery for power generation is presently underused (WERF, 2011).
Incineration can be mono-incineration, i.e. combustion without additional fuel, or there can be co
incineration. If biosolids are the only feed they need to be dewatered to a minimum of 28% dry solids (DS).
Once the biosolids have been combusted, the gases then pass through the heat recovery system. In large
plants this can provide enough steam to power a steam turbine for power generation (Cao, 2011).
Alternatively sludge and biosolids can be co-incinerated within coal or cement kilns. This is an energy
efficient system and is carried out in full scale applications in Germany. Land spreading of biosolids in
Germany is no longer accepted or carried out in the main due to health and environmental concerns.
Currently 40% of sludge from German WWTPs is undergoing co-incineration in coal fired power plants,
cement kilns or in dedicated WWTP sludge incineration plants (Montag, et al., 2009).
Incineration plants ensure efficient combustion, thus efficient energy generation, by guaranteeing a steady
waste feed supply with little or no variations. The temperature must be kept appropriately high (<850°c)
to ensure complete combustion, but not so high as to affect the integrity of the incinerator itself. The
temperature inside the combustion chamber is regulated by the waste supply; an increase in waste input
increases the temperature, and vice versa. As incineration is a combustion process certain amounts of
oxygen are required, if inadequate levels of oxygen are present, excess levels of dioxins and furans are
produced due to incomplete combustion. Therefore a required amount of oxygen is critical to ensure
complete combustion.
Incineration offers many advantages such as reduction in waste volume, diversion of wastes from landfill
thus complying with waste hierarchies; its use for energy production reduces fossil fuels use for energy
production, thus reducing greenhouse gas emissions. However the disadvantages to incinerations should
also be noted; dioxins which are formed due to waste treatment can lead to acid rain, residual wastes in
the form of ash requires disposal, thus increasing costs, the incineration process is expensive also, but
perhaps the most expensive aspect is the flue gas treatment units. Approximately 50% of the costs of an
incineration facility are as a result of air pollution controls.

4.3.2.2 Gasification
Gasification is a thermochemical process which involves the reaction of carbon in the WW solids with an
'agent' such as oxygen, air, steam or carbon dioxide (or a mixture of these gases) at elevated temperatures
normally in excess of 800°c; however gasification occurs best under higher temperatures of > 1000°c
(Carbolea Research Group, 2009). In contrast to incineration; gasification is a more controlled, cleaner
process, which requires less oxygen also. Gasification processes operate under oxygen starved conditions,
with only enough oxygen added to generate heat which in turn drives the chemical reactions (WERF, 2011)
(Cao, 2011).
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The process produces heat which can be used to generate power and fuels where the energy is in the form
of a fuel rich gaseous by-product, which contains a range of combustible gases including carbon monoxide
(CO), hydrogen

(H2),

methane

(CH4)

and ethylene

(C2H4).

These gases can be used for energy or reformed

into valuable chemicals for industry or transportation. The characteristics of the volatile organic fraction of
the biosolids, and other operating conditions such as temperature and pressure affect the energy content
of the end products.
The syngas or synthetic gas produced during gasification may require upgrading before it is used for power
generation or for production of H2, liquid fuel or chemicals. Depending on the gasification agent (oxygen,
air, steam or carbon dioxide), and the operating characteristics already discussed, different types of syngas
can be produced. Gasification technology applied to WWTPs typically use dried biosolids which is
challenged by the cost and high energy required for drying the biosolids (WERF, 2011).
Gasification technology itself has a long standing experience in the coal industry; however gasification in
WWT is relatively new. Full scale examples do exist, which exhibit potential; KOPF technology is used in
Germany to produce energy, and EBARA fluidised bed gasification technology is used in Japan (Kalogo &
Monteith, 2008). It offers many advantages such as an increase in process electrical efficiency (higher than
incineration), the process requires less oxygen than incineration thus reducing emissions such as dioxins
(NOx and SOx), thus reducing costs of flu gas treatment, and there is an increase in particulate capture and
absorption as the volume of gas is reduced.
The disadvantages of gasification for WWTP biosolids must also be noted. Gasification processes can
produce halogens, alkaline products, heavy metals, and tars within the gas product which can cause
operational issues such as slagging in boilers, thus increasing operational costs. Also halogens are corrosive
and may cause corrosion of the reactor, and lead to acid rain if emitted to the atmosphere. Alkaline
compounds can damage gas turbines. These issues need to be solved to ensure gasification is a clean
energy recovery technology and a viable option, however solving these issues can be expensive.
4.3.2.3 Pyrolysis
Pyrolysis is a relatively new technology and much research is still being carried out as the process is
confronted with outstanding technical issues which have yet to be overcome. However, commercial
examples do exist in WWTPs in Australia - EnerSludge (shut down after 16 month trial as not cost
effective), and in the US - SlurryCarb (Kalogo & Monteith, 2008). Pyrolysis involves the thermal breakdown
of the biosolids at a variety of temperatures (between 300 and 900“c) in the absence of oxygen. A direct
liquefaction process yields CO gas, combustible H2 gas, a bio-oil liquid, and a solid residue - bio- char (a
mixture of carbon and non-combustible inorganic substance). All of the end products provide a useful
energy source. The oils and gases produced can be used as a boiler fuel, or it can be refined for the use in
chemicals or engine fuels.
There are two types of pyrolysis; fast and slow. Fast or flash pyrolysis involves the feedstock being ground
to very fine particles in order to facilitate rapid heat transfer. Moderate temperatures of 450-700'’c are
employed for a short residence time. The gases produced are rapidly quenched in order to prevent their
depolymerisation to non-condensable gases. This yields a bio-oil, which may be 70 % by mass of the

Aoife Moloney

Page 29

Potential of Wastewater Treatment Plants
feedstock, depending on the feedstock (Carbolea Research Group, 2009). Slow pyrolysis takes place when
the feedstock is less finely ground, lower temperatures of 300-550“c are used, and residence times are
longer. Slow pyrolysis results in a higher yield of bio-char at the expense of significant bio-oil production
(Carbolea Research Group, 2009). However, the bio-char that is produced exhibits a high energy content
of approximately 30GJ/t, and is a good soil amender.
Pyrolysis technology does work, and produces high energy, useful end products. The problem however is
that it is a difficult process to optimise for waste treatment. Each load or feed generally will have different
characteristics, therefore the process will be difficult to optimise. Another disadvantage is that the by
products of the process such as flue gases which are difficult and expensive to treat. However, the volume
of waste can be reduced by as much as 90% when the facility and process is optimised which is promising.
Pyrolysis offers other advantages such as a lower operating temperature (than gasification or incineration)
which reduces the internal energy demand of the process. As it is a no oxygen process, less air is injected
therefore less emissions are associated.

High or low calorific wastes can be treated as it is not a

combustion process; also as no ash is generated it is easier to clean the flue gases, thus cheaper.

4.4 Water Reuse Potential
As already mentioned, water is a valuable resource which is under increasing pressure due to growing
world populations, increasing urbanisation, increasing social demands, environmental and climate change
issues. WWTP final effluent can be treated and reused, thus providing a valuable resource for a myriad of
uses such as agricultural irrigation, greenhouses, industrial uses, WWTP process uses, non-potable intra
urban uses e.g. toilet flushing, use in parks, school yards etc., recreational and environmental water uses,
surface water in arid areas, indirect potable water reuse and direct potable water resuse.
Each region will have different requirements and priorities for water reuse. Depending on the end use the
water will require different treatment levels, with more advanced methods used for direct potable water
reuse. As one study found that 1 m^ of domestic WW has the potential to provide enough water for 5-10
people and more in developing countries it is important to optimise this resource (Keller, 2008). Reuse of
treated water can conserve freshwater resources, and the generation of recycled water is less energy
intensive than desalination practices (Lazarova, et al., 2012). The following technologies treat WWTP final
effluent to appropriate standards for water reuse.
4.4.1 Water Treatment Methods
Physical and chemical WWT methods e.g. high rate clarification with flocculation/coagulation, reduce the
solids content considerably and partially eliminate the pathogens and organic load of the WW. These
techniques improve water quality greatly when compared against raw WW for agricultural irrigation; also
these systems are much cheaper with regards operational expenditure (OPEX) and capital expenditure
(CAPEX) compared to biological treatment systems. Therefore these systems offer excellent potential for
improved water quality for resuse in a situation where raw wastewater is still being used for agricultural
irrigation, particularly in underdeveloped regions. However as organic substances and pathogens are only
partially removed, disinfection, depending on the method, may not be able to eliminate all undesirable by
products.

Aoife Moloney

Page 30

Potential of Wastewater Treatment Plants
Other methods for removal of particulate matter to improve water quality for reuse include rapid gravity
sand filtration, which depending on the design and operation of the system can remove suspended matter
and nutrients, either N biologically, or P through floe filtration or combined removal can take place.
However rapid sand filtration exhibits high energy consumption, thus increasing OPEX. Micro sieves and
rotary fine mesh drum sieves can be utilised to remove suspended matter and nutrients. Accumulated
solids are removed by backwashing, the drum design offers a limited available mesh surface area, and the
surface can be subject to algal growth (Horan, 2011). However, microfiltration methods are interesting
due to their low energy consumption. Methods such as fabric sieves and fuzzy filters are also used to
remove particulate matter (STOWA , 2010).
As standards for biological WWT are so high nowadays, treated wastewater from such facilities is normally
up to a high standard with regards solids, organics and nutrient removal. There may however be issues
regarding microbiological, inorganics or micro pollutants remaining in the treated water.

Therefore

enhanced post treatment techniques maybe required (depending on the reuse route) to removal colloidal,
dissolved matter and microorganisms. Such techniques include advanced membrane filtration technology
systems such as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO).
These methods aim to treat the water to a very high quality standard and to remove any outstanding
organic compounds, inorganic compounds or pathogens. Other techniques can also be employed to treat
the water to high standards for reuse such as ion exchange (inorganic compound removal), ozonation
(pathogen removal), activated carbon filtration (hazardous organic compounds removal), and UV
disinfection (STOWA, 2010).
4.4.1.1 Mici’oriltration

MF is a physical process that can remove particles between 0.05 and 5.0 pm in size, which can include
microbial cells, large colloids, and small particles less than 0.5 pm. MF membranes can be tubular,
capillary, hollow fibre, and spirally wound sheets which are commonly composed of a thin polymer film
with uniform pore sizes and a high pore density (75-80%), thus allowing high flow rates (Gray, 1999). The
system works by pressurising (100-400 kPa) untreated water which forces the clarified liquid through the
membrane and the particulate matter is retained in the filter. Most MF systems are batch systems, which
require periodic backwashes with either water or gas under high pressure to remove trapped solids in the
micropores (Gray, 1999).
4.4.1.2 Ultrafiltration

UF is very similar to MF except that the membrane micropores are smaller (0.1 - 1.0 pm) and the pressure
which is applied to force the untreated water through the system is larger (up to BOOkPa). UF systems can
remove bacteria, viruses, and colour. UF membranes are composed of polymers such as polysulphone,
polyacrylonitrite, polyimide, and cellulose acetate (Gray, 1999). A highly porous layer (50-250 pm) which is
tubular, capillary or spirally wound is required to support the very thin membrane. The system works by
feeding the untreated water tangentially at high velocity (to minimise fouling of membrane surface)
through a series of hollow membranes. The permeate passes through the membrane and the particles are
pumped to a waste tank.
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'1.4.1.3 Nanofiltration
NF is a pressure driven process which uses thin film non cellulose membranes (0.0005-0.005 pm) that are
capable of both physical sieving and diffusion- controlled transport (one molecule at a time diffuses
through vacancies in the structure of the membrane material). NF can be used to remove colour, TOC, and
other organic molecules.

NF operates at lower pressures but yield higher flow rates of permeates

(compared to RO). While NF cannot produce permeate of the same quality as RO, it is more advanced than
UF, and recently it is gaining ground and taking over in many areas where UF was not sufficient (Gray,
1999).

4.4.1.4 Reverse Osmosis
RO unlike MF and UF uses a poreless semi-permeable membrane to remove salts and metal ions by
diffusion controlled transport similar to NF. Osmosis is the movement of any solvent from a weak solution
to a strong solution through a semi-permeable membrane. The difference in pressure (osmotic pressure)
causes the movement of water across the membrane, and this movement continues until the pressure in
both solutions is equal. RO is where the opposite occurs; the solvent moves from the concentrated
solution to the weak solution by exerting a pressure higher than the osmotic pressure on the concentrated
solution, thus reversing the direction of flow across the membrane (Gray, 1999).
RO can remove inorganic and organic compounds (0.0001-0.003 pm), heavy metals such as aluminium,
copper, zinc and lead, total dissolved solids. It can also remove 85-90% of all organics including RGBs,
THMs, pesticides, and benzene. Therefore if RO is used downstream from an activated carbon system then
all organics are in effect eradicated. If complete nitrate removal (99%) is required then ion exchange can
be used upstream of RO. Some issues have been reported due to excessive water pressures or degradation
of the membrane leading to a fracture of the membrane, thus treatment failure (Gray, 1999).

4.4.1.5 Ion Exchange
Ion exchange is an adsorption process which successfully removes inorganic compounds (STOWA , 2010).
Ion exchange works by employing a reversible interchange of ions of the same charge between a solid ion
exchange medium and a solution (Gray, 1999). Ion exchange is carried out in a down flow fixed bed
reactor; the granular resin is enclosed in a metal tank. The bed depth is between 0.8 and 2.0 m to avoid
short-circuiting of the water, with flows rates less than Im^min'^m ^ Backwash with clean water is
required once performance falls, to remove solids and regenerate. Ion exchange media are normally
synthetic polymer resins, although natural zeolites can also be used (Colella, 1996).

4.4.1.6 Activated Carbon
Activated carbon (AC) is a widely used adsorbent which is used to improve water quality and in particular
to remove organic and hazardous organic compounds. AC is sourced from coal, bituminous coal, lignite,
peat or wood. What makes AC so effective in water treatment is its highly porous structure resulting in low
volume pores with increased specific surface areas (600-1500 m^g^) which are perfect for adsorption. The
particles are irregularly shaped and their highly porous internal structure maximise adsorption potentials.
AC can be utilised as a powder or granular form (Gray, 1999).
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4.4.1.7 Ozonation
When oxygen (O2) molecules are separated into oxygen atoms by an energy source, and subsequently
those atoms collide with an oxygen molecule an unstable gas termed ozone (O3) is formed. This ozone is a
powerful oxidant and used to treat and disinfect WW, with the removal of pathogens (STOWA , 2010).
Ozone can be generated by imposing a high voltage alternating current (AC) (6 to 20kV) across a dielectric
discharge gap that contains oxygen bearing gas. Due to its unstable, short life ozone is generally generated
onsite. When the ozone decomposes, free radicals such as hydrogen peroxy and hydroxyl are formed
which have oxidising powers and these take part in the disinfection process.

It is thought that

protoplasmic oxidation of the bacteria occurs, which results in bacterial cell wall breakdown, thus the
bacteria are destroyed (US ERA, 1999).
The degree of destruction depends on the type of bacteria or pathogen being treated, the amount of
ozone and the contact time. Ozonation is used in medium to large plants, generally after secondary
treatment. Ozonation can achieve higher levels of disinfection than UV or chlorination however high
CAPEX, coupled with high operation and maintenance costs make it less attractive from an economic
perspective. It may be employed where other methods are not available. Generally it is utilised more in
Europe than the US (US ERA, 1999).

4.4.1.8 UV Disinfection
UV disinfection is a common method for removing pathogens, viruses, spores and cysts from WW, which
can be used as an alternative or an addition to traditional chemical disinfectants. UV systems transfer
electromagnetic energy from a mercury arc lamp to an organism's DNA i.e. their genetic make-up. The UV
radiation has the ability to enter the cell wall where it terminates the cells reproductive mechanisms. The
success of UV depends on the intensity of UV radiation, the organism exposure time and the
characteristics of the WW (US ERA, 1999).
UV disinfection reactors can be configured as contact (more common) or non-contact systems; where WW
can flow either perpendicular or parallel to the lamps, and a ballast (control box) provides the starting
voltage and continuous current. However in the contact reactor, a series of lamps are enclosed in quartz
sleeves to reduce the cooling effects on the WW. UV lamps are suspended outside a transparent conduit
(which carries the WW) in the non-contact reactors. UV is safe and easy to use by operators with no
residual effects on humans or aquatic life. However, adequate treatment is required, if the dosage is too
low, complete disinfection may not occur. It has also been noted that high turbidity can reduce the effects
of UV(US ERA, 1999).

4.4.1.9 Effluent Polishing
Finally if final effluent polishing is required then reed bed filters or algae pond methods can be employed.
Constructed wetlands possess the ability to remove colloidal organic matter, nutrients through plant
uptake, and heavy metals through absorption. Algal ponds do not remove pathogens, but they do bridge
the water quality gap between the effluent and the surface waters. They also have a large space
requirement (STOWA, 2010).
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4.5 Nutrient Recovery Potential
WW obviously contains valuable nutrients; as already cited Im^ of WW contains adequate nutrients for at
least 1

of agricultural land per year. Recovery of these nutrients can play a vital role in a more

sustainable 'resource focused' future for WWTP operations, agriculture, and society in general. P is a finite
resource which is a declining stock and there is no known replacement for P in agriculture. Also there are
increasing food production demands on a global level to meet a growing world population, therefore P is
vital to our food security and supply into the future. It has been reported that P can be recovered with 6070% efficiency in WWT (Kalogo & Monteith, 2008).
Also as biosolids and sludge application to land as a valuable fertiliser is becoming increasingly the 'less
preferred option' when it comes to WWTP sludge management options, resource recovery technologies
are becoming more interesting. Environmental and health concerns over low level bio-accumulation of
contaminants e.g. heavy metals have led to a decrease (e.g. Germany) or terminating (e.g. Switzerland and
Netherlands) of land spreading. Some countries are moving away from land spreading and coming up with
alternative options for recovering nutrients. These alternatives must be affordable and cost effective. The
following section will investigate new innovative technologies which can recover nitrogen (N) and
phosphorus (P) for fertiliser use.
4.5.1 Fhosphoru.s Recovery
There are principally two commercially available types of P recovery routes from WWT; calcium phosphate
recovery and magnesium ammonia phosphate (Struvite) - (NH4)MgP04.6H20 recovery.
4.5.1.1 Calcium I’hosphaLe Recoveiy
Calcium phosphate can be recovered using a seeding process or a precipitation process.
4.5.1.1.1 Seeded Process - Crystalactor Technology
Crystalactor technology uses sand as a seed material in the reactor for the development of calcium
phosphate crystals. The reactor is filled with a percentage of secondary activated sludge from the final
clarifiers, then lime (Ca(OH)2) is added to increase the pH (pH 8), and to increase the amount of calcium
ions to ensure an ideal environment for the precipitation of calcium phosphate (Kalogo & Monteith, 2008).
Calcium phosphate pellets (40-50% calcium phosphate, 30-40% sand and 10% calcium carbonate) are
formed which are compact, reusable for fertiliser raw material, easy to handle, and they exhibit low water
content (<5%) and high purity. The Crystalactor has the advantage that it is a compact solution which
effectively covers four steps (coagulation, flocculation, sludge separation and dewatering) in one
(Crystalactor) with zero waste (Giesen, 2009).
Crystalactor has been applied in the Netherlands at full scale; however there are very high associated
operational costs (STOWA , 2010). Production costs of calcium phosphate are much higher than the cost of
mined phosphate rock, which renders the technology non-viable from an economic point of view at
present (Kalogo & Monteith, 2008). But perhaps when the peak in P occurs, and scarcity of supply of P
increases, the value of recovered calcium phosphate will increase, thus making this process more
economically feasible. With regard to set up, the process is an add on which requires little modification to
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existing sludge facilities, a lime source is required, however no hydrocarbons are required so it is a clean
technology with no GHG emissions.
4.5.1.1.1 Seeded Process - P-Roc
The P-Roc process under development in Germany is similar to Crystalactor but the seed material differs.
P-Roc uses tobermorite - rich waste from the construction industry (Berg, et al., 2005). The advantage of
this process is that no additional lime is required as tobermorite is composed of calcium silicate hydrates.
This process uses the waste material as a seed and the pH adjuster, there are no energy inputs, thus
reducing the carbon footprint, and the end product can be used as a fertiliser raw material (Kalogo &
Monteith, 2008). No full scale cost data exists, however the principle of recovered P value increasing once
P stocks start to become scarce applies.
4.5.1.1.2 Precipitation Process - Phostrip Technology
Phostrip technology can recover calcium phosphate from phosphorus enriched sludge such as the return
activated sludge (RAS). A percentage of RAS from the clarifier is pumped into a stripper tank (anaerobic
conditions) where P is released to the liquid phase. Acetic acid can be added to the tank to enhance the
amount of P released. The P rich water and sludge are separated, thus allowing lime treatment to
precipitate the P as calcium phosphate. The technology is an addition, but plants do not require much
modification, lime is required, acid may be required, and there is a low associated carbon footprint. As
with the previous technologies, the value of the product should increase once P becomes scare.
4.5.1.2 Struvite Recoveiy
Unwanted struvite formation in WWTP causes problematic issues such as digester pipe blockages.
Therefore in some cases, particularly after enhanced biological phosphorus removal (EBPR), struvite
reduction is not only essential to protect assets, but can also provide a P resource which can become a
source of revenue if sold on as fertiliser. Struvite is approximately 30 % by weight as P2O5 (Kalogo &
Monteith, 2008).
The OSTARA process in Canada recovers phosphorus and ammonia from WW by exposing the water to
magnesium which reacts with the phosphorus and ammonia to produce crystals of magnesium ammonium
phosphate (MAP) or struvite (OSTARA, 2011). Other methods have used sulphuric acid to leach
phosphorus out of the sludge to produce struvite (Kalogo & Monteith, 2008). The OSTARA process has
been in full scale operation since 2007, and phosphate recovery is approximately 80-85%, which the
company sells as fertiliser entitled 'Crystal Green'. There are plans for expansion at this site, and there are
many other successful examples of this technology in Canada, US, Japan and one is planned for the UK
(Kalogo & Monteith, 2008).
For this process to work an AD process must be in place. Ammonia is present in the sludge for the process
to occur, therefore only magnesium and sodium hydroxide (if required) need to be sourced. Power is
required for the process; therefore there will be an associated carbon footprint, unless power is supplied
from AD/CHP onsite. The value of struvite should increase more when the P stocks get scare or go into
decline stage (Kalogo & Monteith, 2008).
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4.5.1.3 Aqua Crilox Supercritical Water Oxidation (SCWO)

The first three phases of water are solid, liquid and gas. The Aqua Critox SCWO process utilises the fourth
phase of water, the supercritical phase, to treat the sludge yielding clean water, an inert residue and gases
(CO2 and N2). Phosphorus can be recovered from the inert residue. The SCWO process operates at high
pressure and temperature to convey the water to its supercritical stage which occurs at a pressure of 221
bars and a temperature greater than 375°c. When it reaches this point the properties of the water change;
its density is less than its liquid form, its viscosity is similar to gas and its diffusivity is between liquid and
gas. At this stage inorganic compounds become insoluble, while organic compounds and gases become
almost 100% soluble. When oxygen is introduced to an organic material which has entered the
supercritical phase a speedy (60 seconds) and complete (>99.999%) oxidation reaction occurs (SCFI Group,
2010).
Two major advantages of the technology are that it can produce energy and recover P. The oxidation
reaction which occurs is exothermic, i.e. it releases energy, and therefore the process is energy negative.
Recovered steam can be used for electricity generation and/or district heating (Sweetman, 2011).
Phosphorus can be recovered by precipitating it with calcium phosphate or MAP, thus providing a P source
which can be reused as fertiliser. The process also completely destroys organic compounds including
carcinogens and pathogens, and it does not produce any hazardous by products, emissions or odours.
Finally, it provides an alternative end use for sludge as opposed to land spreading. A negative issue is that
there is a high capital cost associated with the technology and there may be issues with salt deposition,
which can cause corrosion of equipment. This issue can be overcome by pre-treatment of sludge if
required.
4.5.1.4 Emerging Innovative P Recovery Technologies

There are many P recovery technologies which are currently being researched and developed but not
commercially in use; however they should be mentioned here. The Global Water Research Coalition
(GWRC) report entitled 'State of Science Report - Energy and Resource Recovery from Sludge' summarises
these technologies as is evident in Table 5 below. Most of the technologies above are based on physical,
chemical and thermal methods to dissolve P, which is then separated from heavy metals by precipitation.
The final product differs depending on the technology used, but normally the form is iron or calcium
phosphate, MAP or phosphoric acid (Kalogo & Monteith, 2008).
SUSAN (Sustainable and Safe Re-use of Municipal Sewage Sludge for Nutrient Recovery) is a European
collaboration project which began in 2005. In 2011 they published their findings in a report, revealing how
an environmentally friendly technology had been developed for nutrient resource recovery in sewage
sludge. The process involves a two-step thermal treatment; initially mono-incineration destroys the
organic content of the sewage sludge, then a thermo-chemical process will separate the P and heavy
metals in the ash (Adam, 2011). An economic appraisal of the process on a large scale is due to follow.
There is a pilot plant of the process i.e. fertiliser production from sewage sludge ash, currently in
operation.
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Technology

Origin

Recovery from Sludge:
KREPO
Sweden

Needs

Heat, H2SO4,
NaOH, Fe
HjSO,, NaOH,
Mg(OH)2
Heat, HCI, O2,
H2SO4, H2O2,
polymer

Seaborne

Germany

Aqua-Red
Kemicond

Sweden
Sweden

Recovery from Ash:
Biocon

Denmark

SEPHOS

Germany

H2SO4, Ion
exchanger
H2SO4, NaOH, Ca^^

SUSAN

Europe

Heat

Final Product

Inventor

Iron (III) P

Kemira, K.

MAP

Seaborne E.R.L

Iron or Calcium P
Ferric P

Chematur/Feralco
Kemira, K.

Phosphoric Acid

PM Energi A/S

Aluminium and
Calcium P
Phosphorus, Heavy
metals

Institute WAR

Table 5: Emerging Technologies for Phosphorus Recovery from Sewage Sludge (Kalogo & Monteith, 2008).

4.5.2 Nitrogen Recovery

Nitrogen recovery from WW is not common at present. Steam and air stripping can be done, but there is
limited experience and commercial applications (STOWA , 2010). According to the GWRC state of science
report an emerging N recovery technology termed ARP (Ammonia Recovery Process) is currently available.
This technology was developed in the US by the Battelle Memorial Institute and was commercialised by
ThermoEnergy Company (Kalogo & Monteith, 2008).
ThermoEnergy claim that the ARP process can recover 80% or more ammonia from the nitrogen rich
centrate and filtrate streams and this is then reused as ammonium sulphate fertiliser. The system works by
capturing the ammonia that would readily volatilise using a patented RCAST system.

High levels of

ammonia in the influent e.g. 300 mg/I ammonia is fed into an ion exchange resin which selectively adsorbs
ammonia. Brine or sulphuric acid regenerate the adsorption columns. The regeneration solution is used
repetitively, thus allowing the ammonia concentration to become increasingly concentrated, sometimes to
several thousand mg/I. Once the regeneration solution is fully laden with ammonia, the ammonia is
stripped out. Lastly the ammonia gas reacts with sulphuric acid to produce a commercial grade
(approximately 40%) of ammonia sulphate (ThermoEnergy Corp., 2012).

4.6 Resource Recovery Potential Conclusions
There are abundant energy, water and nutrient resources available in domestic WW and it is technically
feasible to recover energy, nutrients (particularly P) and water.
There are many technologies available, both established and emerging, which can help achieve resource
recovery as outlined in section 4.0, each with their own advantages and disadvantages. However with so
many options available, it will be a case by case approach, taking into account affordability and costeffectiveness, in choosing the correct technology for the appropriate RR option for a given situation.
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The WERF have completed a triple bottom line assessment of the technologies available which takes into
account the technologies performance from an economic, environmental and social point of view. These
elements appropriately, are also the fundamental pillars of sustainability. The study concluded, and
generally recommended, that in terms of energy recovery that overall 'sludge to biogas' processes are the
most appropriate options, and for nutrient recovery, P recovery without harmful acid treatments are most
favored i.e. seeding or precipitation methods with lime addition (WERF, 2008).
Section 5.0 investigates WWT RR technologies in Ireland. Section 6.0 will give examples of these
technologies in operation in WWTPs around the World. Countries such as Sweden, Netherlands, Austria,
UK, Germany, US, Japan and China are leading the way with regards increasing sustainability and resource
recovery in WWT.
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WWT in Ireland

5.0 WWT in Ireland
In Ireland, the UWWTD (1991) and the WFD (2000) implementation fast tracked the larger agglomeration
WWTP development in the country. Following the implementation of the legislation and funding from
government and EU sources massive investment was pumped into Ireland to build state of the art WWTP
facilities for our towns and cities; some of the largest plants facilities are described below. The majority of
investment and construction took place from approximately 2000 to present.
Flowever, it could be said that 'water quality', driven by water quality legislation was the primary focus of
the design of these plants in Ireland. The focus was solely on water quality at the time and the key drivers
for increased sustainability in WWT today such as increased energy costs, security of energy supply,
introduction of water charges, and nutrient recovery to replace declining world stocks of phosphorus were
not the main focus. As a result, and in the main, plants in Ireland were designed without a holistic
sustainable approach and in cases where elements of sustainability have been included it has been in a
fragmented style in the first instance or in the following years.
Nowadays, WWTP operations not only should consistently achieve high water quality standards, as was
the case historically, and at acceptable costs; but also high priority must be given to energy efficiency and
reduced carbon footprint (Lazarova, et al., 2012). Due to an increase in population, operating/energy costs
and water quality legislation many WWTP operators and authorities in Ireland and worldwide are planning
to upgrade WWTPs. They are going back to re-design and improve WWTP works, and this time the focus is
on resource recovery, energy efficiency and reduction in operation costs.
This paper will investigate current practices in the largest plants (>15,000 P.E.) in Ireland and their
resource recovery practices, if any. The plants investigated are as follows:
Dublin WWTP, Ringsend Dublin
Cork WWTP, Carrigrennan, Cork
Limerick WWT, Dock Road, Limerick
Galway WWTP, Mutton Island, Galway
Dundalk WWTP, Point Road, Dundalk

5.1 Dublin WWTP
Dublin WWTP completed in 2003 treats the municipal and industrial wastewater from Dublin city and
environs. The plant has a design P.E. of 1.7 million at present, with extension works due to be completed
to increase capacity to 2.1 million (Fehily, 2008).
The WW undergoes primary, secondary and tertiary treatment. Initially the WW undergoes screening and
grit removal. Then 12 lamellae primary settlement tanks allow a lot of the suspended solids to settle. The
settled WW is then pumped to 24 sequencing batch reactors (SBRs) for secondary treatment which
operate in cycles of filling, aerating, settling and decanting. The treated water receives tertiary treatment
in the form of UV disinfection before discharge to Dublin Bay.
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AD is used to stabilise the sludge at Ringsend. Pre-treatment using Cambi thermal hydrolysis technology is
used to boost biogas yields. The biogas is put through CHP units which in turn supply over 50% of the heat
and electricity required at the Ringsend Works. Following digestion the sludge undergoes a drying process
where it is dried at temperatures of 450°c to ensure complete pathogen destruction. The end product of
the drier process is a pasteurised organic based biosolid fertiliser. It is marketed under the name "Biofert"
and spread on tillage and grass in Leinster (Dublin City Council, 2011). There is no specific nutrient
recovery technology onsite and water is reused for onsite purposes.

5.2 Cork WWTP
Cork WWTP is a combined municipal (47%) and industrial (53%) WWTP located at Carrigrennan on Little
Island. The majority of the municipal loading is pumped from Cork City, with the industrial portion
primarily arising from Little Island. The total design P.E. of the plant was 375,000 in 2006, with an expected
413,000 by 2020.
The WW initially goes through screening and grit removal processes. There is a pre-aeration system for
septicity control which can be utilised if required. There is no necessity for this for most of the year, but it
has been used during the summer months in the past. Primary settlement tanks carry out the first stage
primary sedimentation, primary sludge is then pumped to the sludge treatment facility and the clarified
primary effluent flows on for secondary biological treatment. The secondary treatment consists of 8 SBRs
which operate on a fill, aerate, settle and decant cycle. Sludge removed from the SBRs is then thickened
and dewatered and anaerobic digesters (AD) then digest the sludge to produce a biogas and a digestate.
The treated water is discharged into the estuary. Following digestion the sludge is thermally dried.
With regards RR practices, the energy produced in the form of biogas is reused onsite to mix the sludge in
the digester (compressed biogas is pumped back into the digesters to mix the contents), to heat the sludge
as it is re-circulated through the heat exchangers (for more efficient digestion), and finally to dry the
sludge to 90% DS. The dried sludge contains approximately 5% N and P, and it is all currently transported
offsite and spread on agricultural land. There are no specific recovery technologies for N and P recovery.
Final effluent water is reused onsite for practically all of the onsite water uses except poly make up.

5.3 Limerick WWTP
Limerick Main Drainage (LMD) opened in 2004, and treats wastewater from Limerick City and environs. It
also serves as a sludge hub for Limerick County. The plant is a municipal WWTP and operates for a design
P.E. of 130,000. The design organic loading is 7,800 kg/BOD/d.
The wastewater initially undergoes preliminary treatment; screening and grit removal. The WW is then
distributed through 4 primary settlement tanks where settlement occurs. The primary sludge settles to the
bottom and is pumped via primary pumps to the sludge treatment centre (STC). Based on plant data
results, approximately 50-60% of the solids are removed during primary treatment.
The clarified primary effluent is transferred for secondary biological activated sludge (AS) treatment.
Microorganisms break down the organic matter and nutrient removal exists in the form of nitrification and
denitrification. Ammonical nitrogen is broken down into nitrite, followed by nitrate and finally nitrogen
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gas is liberated into the air. After a sufficient retention time the biomass mixture (Mixed Liquor Suspended
Solids (MLSS)) is transferred on to the final settlement process. The biomass is separated from the now
treated wastewater. A portion of this settled sludge is termed Return Activated Sludge (RAS) and this is
returned to the biological phase to maintain an optimum MLSS. The remaining portion of settled sludge is
termed waste activated sludge (WAS) which is pumped to the STC for further treatment. The treated
wastewater then discharges to the Shannon Estuary.
As already discussed, the end products of the primary and secondary biological phases of the WWT
process is a sludge which requires further treatment in the STC. The STC also accepts imports of cake and
liquid sludge's from external sources, such as smaller WWTP in the Limerick County area in accordance
with the county sludge waste management plan. The STC has a design capacity of 4,500 tonnes dry solids
per year (TDS), which takes into account sludge produced onsite and offsite (imported sludge's). Prior to
final treatment the sludge goes through a series of dewatering and thickening phases; the primary sludge
(3-4% DS) is thickened in the picket fence thickeners (PFTs) and the WAS thickening is completed in the
GBTs. Centrifuges dewater the sludge (18-20 % DS) before the thermal drier completes the drying and
treatment process.
Thermal drying yields the end product - biosolid (> 92% DS). The high temperature (545°) and residence
time conditions in the drier result in pathogen destruction. Therefore the biosolid can be classified as a
Class A product as described in the Code of Good Agricultural Practice for the use of Biosolids in
Agriculture (Fehlly Timony & Company, 1999). Class A biosolids, as a pasteurised product are safe to use as
a fertilised on lawns, gardens, horticulture, agriculture and forestry. At present the biosolids from LMD
are transported offsite and stored until land spreading on agricultural land takes place.
With regards to RR LMD has no facility for energy generation onsite; there are no specific technologies for
nutrient recovery. A portion of the final effluent water is reused onsite for washing of the screens, spray
bar wash water for the Gravity Belt Thickeners (GBTs), centrifuges, and mixing of storm water overflow
before discharge. Further opportunities exist for final effluent resuse here with regards fire hydrants, wash
water hoses on site and poly make up.

.S.4 Galway WWTP
Galway municipal WWTP opened in May 2004 treats municipal (90%) and industrial waste (10%) from
Galway city environs; a design P.E. of approximately 91,600. According to the executive engineer in
Galway City Council upgrade works are due to take place in 2013 which will increase the treatment
capacity of the plant to 170,000 P.E (Prendergast, 2013).
Currently, and prior to any upgrade works, the wastewater arrives at the treatment plant inlet works via a
number of sewer mains from the east and west sides of Galway City. In the first stage of treatment the
wastewater flows through a screening process in which it passes through coarse screens (100mm) to
remove large objects followed by fine screens (6mm) to smaller material such as paper, plastics and solids.
The wastewater then flows through two circular grit traps remove the grit in the wastewater (Galway City
Council, 2004).
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The next stage of treatment involves primary settlement. In Galway WWTP there are four primary
settlement tanks, which allow 60% of the organic matter (primary sludge) in the wastewater to settle out.
The primary sludge is removed for further treatment. Any fats, oils and grease which are present are
removed from the surface of these tanks. The wastewater is pumped into four aeration lanes where
aerobic microorganisms breakdown the organic matter from the wastewater. The organic matter
produced in the aeration stages then flows on to the final clarification settlement tanks. The sludge settles
to the bottom and is removed as WAS for further treatment. The clarified treated effluent is then
discharge to Galway Bay sea outfall via a 900 mm diameter, 420 m long outfall pipe. The final effluent
discharge occurs 24 hours per day under all tidal conditions (Galway City Council, 2004).
The last stages of the process involve treatment of the sludge's. Sludge is a by-product of the treated
wastewater; from the primary and secondary settlement stages as described above. In Galway WWTP the
sludge is thickened and pasteurised to 60°c for 1 hour to kill all pathogens. The sludge is then digested in
AD units. The by product from the digestion process produces a biogas which is in turn used to fuel the
boilers and heat the sludge. According to the executive engineer in the City Council, the plant is selfsufficient in terms of heat. Approximately ISmVhr is used per boiler when they are used. Normally one
boiler is used per day and it runs for 12/15 hours per day depending on feed rates and ambient
temperatures. At present no CHP unit exists, however this may change in the upgrade works. Final details
of upgrade works are not available as the tender process is still ongoing.
With regards resource recovery Galway WWTP recover energy in the form of heat as discussed above.
There is no nutrient recovery of phosphorus and nitrogen specifically, but the final product, is dewatered
and transported off site where it is spread on land as an organic fertiliser. In terms of water re use;
approximately 650-700 mVd of final effluent is used daily for fine screen wash water, rotary drum
thickener wash water, all wash hoses and fire hydrants onsite (Prendergast, 2013).

5.S Dundalk WWTP
Dundalk WWTP treats municipal and industrial discharges from Dundalk town agglomeration. The design
P.E. of the plant is 180,000. The treatment plant consists of an inlet works with screening and grit removal,
followed by a two- stage secondary treatment process, where in initial high load aeration stage and initial
clarification stage is followed by a low load aeration stage and final clarification. The design has included
for future tanks for future increased loadings if necessary. The WAS is further treated in sludge thickeners
followed by digestion in two AD units and dried in sludge driers.
The operators of the plant have developed a new renewable energy innovation on site called the 'Bio
Crack' system. The new system allows for increased gas production which can in turn be used in the CHP
unit's onsite to generate more electricity on site for powering the plant. This means the plant is less reliant
on electricity from the grid as the import usage is reduced; also the plant sees a reduction in its carbon
footprint as it is producing its own electricity on site from the sludge. Other benefits include a reduction in
sludge and a reduction in operational costs onsite. The new innovation recently won the 'Green Energy
Award' category in the 2012 Green Energy Awards. The judges commented "These guys have developed a
system called the Bio Crack. It's a really crafty way of turning municipal waste into power using an
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anaerobic digester. And it works brilliantly - its two current plants have already saved nearly 400,000
tonnes of carbon" (Green Awards , 2013).
The unit operates by passing the sludge through a macerator which is very efficient, and then the sludge
passes through a series of high voltage electrodes that discharge a kinetic force through the sludge. This
results in a solid which is easier to process in terms of Anaerobic Digestion use and solids
handling/transport. With regards RR in terms of nutrient recovery and water resuse; there is no specific
nutrient technology onsite, water is reused for onsite process and operational uses.
In terms of overall sustainability, the EPS group formed an Energy & Environment Committee (E&EC) in
2009. The team carried out energy audits and subsequent energy consumption reduction practices were
put in place. The savings achieved amounted to almost 22% for energy, 36% for costs and 19% for CO2
emissions. The SEAI judge who awarded the SEAI 'Energy Efficient Award - Major User' title to EPS in 2012
stated that "EPS has gained ISO 50001 accreditation, and used a simple but effective approach to energy
management at the modern Local Authority owned sewage treatment works at Drogheda and Dundalk,
which it manages. Since 2008 they have achieved a 35% reduction in energy imports" (Sustainable Energy
Authority of Ireland, 2012).

5.0 Suniniaiy
Ireland WWTP Resource Recovery Summary

Ireland
WWTP

Design P.E.
of plant

Water Reuse
Onsite

Nutrient
Recovery(other
than land
spreading)

Energy Heat and/or
Power
Generation

Dublin

1,700,000*

Yes

No

Yes

Cork

413,000

Yes

No

Yes

Limerick

130,000

Yes

No

No

Galway

91,600**

Yes

No

Yes

Dundalk

180,000

Yes

No

Yes

Details

AD/CHPand Drier.
Cambi thermal
hydrolysis Pre
treatment. Biogas used
onsite. Biosolids spread
to land.
AD and Drier. Biogas
used onsite and
biosolids spread to
land.
Drier only, biosolids
spread to land.
AD. Biogas used onsite
for heat only. Sludge
spread to land.
AD/CHP and Drier.
Biosolids to land.

Table 5: Summary details of WWTP in Ireland
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Notes:
* Denotes plant upgrade planned for 2013, design P.E. increase to 170,000
** Denotes plant upgrade planned, design P.E. increase to 2,100,000
Nutrient recovery refers to specific Phosphorus or Nitrogen recovery, not biosolids application to land.
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6.0 Worldwide Examples of RR Technologies
WWTPs focus on different aspects of RR technologies to recover energy, nutrients and water depending
on local requirements. WWTPs may focus on one, two or all three RR aspects as is evident in the examples
below.

6.1 Austria
Following years of energy auditing and benchmarking in Austrian WWTP an energy consumption reduction
of 30% was achieved (Wett, et al., 2007). However one plant in particular - Strass outperformed the
average as detailed below.
Strass WWTP
Strass WWTP in western Austria is reported as being one of the best performing WWTP in Europe which is
not only self-sufficient but a net energy producer, exporting excess electric energy produced to the grid.
Strass has achieved 108% energy recovery through increasing energy efficiencies (Cao, 2011). Strass has a
varying P.E. which ranges from 60,000 in summer to 250,000 during the winter season. The process
involves a two stage biological treatment (A/B plant) with high rate BOD removal followed by
nitrification/denitrification. The plant provides for N and P (chemical) removal. Commissioned in 1999 the
plant has continually optimised and improved year on year resulting in cost and resource reduction (WERF,
2010).
The following optimisation efforts have been completed at Strass; dynamic aeration control, reduction in
energy consumption on mass treated basis from 6.5 to 2.9 euro/kg NH4-N removed (2003 to 2008
respectively) by DO active monitoring and conversion of diffusion to ultrahigh efficiency air strip, reduction
in side stream energy treatment consumption (350 kWh/d to 196 kWh/d) by applying DEMON technology,
increase biogas production by maximising COD sent to AD (pre-concentrating process), adoption of high
electrical efficiency generators (33% to 40%) and improving overall usage efficiency from 2.05 to
2.30kWh/m^ of biogas, reduction in sludge thickening chemical costs (50%), and dewatering costs (33%)
(WERF, 2010) (Cao, 2011). Efforts focused on reducing energy consumption and increasing energy
generation to achieve 108% energy recovery.
6.2 Sweden
Sweden has focused their research and development, and has invested heavily into a strategic program of
extracting biofuels from biogas produced from WWTP.
Henriksdal WWTP
Henriksdal WWTP (world's largest underground WWTP -300,000m^) serves Stockholm city and environs, a
combined P.E. of 870,000. Sludge treatment occurs in a separate facility 2km away. Seven AD units with a
total volume of 38400 m^ produced approximately 1054 m^ of biogas/hr with an approximate methane
content of 65.6% during a period from 2000 to 2005 (Hellstedt, et al., 2010). The biogas is uses to produce
heat which provides district heating to 80,000 apartments. Approximately 5.8Mm^ of biogas is upgraded
by water scrubbing methods and is sold on to Stockholm's bus company to run approximately 130 buses in
the city (Hallgren, 2010). The revenue received helps to offset the OPEX costs.
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A large EU funded study termed Biogasmax investigated methods to increase biogas yield at the plant such
as pre-thickening of primary sludge, increased production of primary sludge, continuous operation,
addition of enzymes, thermal hydrolysis, and increased reception of organic material. It was found that a
combination of primary sludge pre-thickening and continuous operation were deemed to be the most
economically advantageous solution; resulting in 23% increase in biogas without additional organic
matter, and 39% increase with additional organic matter. Pre-thickening trials have begun which include
technologies such as enzyme addition, electroporation and ozonation (Hellstedt, et al., 2010).
Kappala WWTP
Kappala WWTP is the third largest WWTP in Sweden with a P.E. of 700,000. Two digesters with a total
volume of ISOOOm^ produce approximately 4Mm^ of upgraded (water scrubbing) biogas per year. The
upgraded biogas is used to fuel approximately 100 buses (Hallgren, 2010).

6.3 Netherlands
Emmen WWTP
At Emmen they have developed an Ultra-Pure (UP) Water Plant. Treated effluent water from Emmen
WWTP is reused due to a lack of surface and ground water in the region. The effluent is upgraded in the
UP water plant to produce boiler feed water for steam production. The plant involves a pre-treatment of
the WWTP final effluent by using ultrafiltration (UF) and biological activated carbon (AC) filtration to
prevent bio fouling, followed by full treatment double pass reverse osmosis (RO) and final polishing by
electro deionisation (Maas, 2011).
Kaatsheuvel WWTP
The treated effluent from Kaatsheuvel WWTP is reused to provide recreational water for an attraction
park due to a groundwater scarcity issue in the region. The effluent is polished through a vertical flow reed
bed filter system. Small scale trials were initiated and the practice was scaled up (8500m^) and in full use
by 1998 (Utrecht, 2011). A rapid gravity sand filter was inserted before the reed bed system to control the
nutrient content (STOWA , 2010).
Terneuzen WWTP
Terneuzen WWTP treated effluent is reused for process water for the production of demineralised water,
which is then supplied to a nearby chemical manufacturing facility Dow Chemicals. The effluent is treated
in a membrane bioreactor system (MBR) using UF, with a maximum capacity of 620mVhr. Following the
MBR treatment the effluent is sent for RO treatment, followed by mixed bed ion exchange polishing to
produce the ultrapure water for Dow (Evides Industriewater, 2012).
Land van Cuiik WWTP
Treated Effluent from Land van Cuijk WWTP is discharged to the surface water system and reused as an
agricultural water supply for a nearby agricultural area. The effluent undergoes treatment in a settling
pond, followed by a reed bed system which polishes the effluent, and finally an aquatic pond containing
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Daphnia. This sequence of system allowed for a transition of the area into a more natural swamp
treatment system (Kampf & Boomen, 2013).
Geestmerombocht WWTP
Phosphorus recovery is practiced at Geestmerambacht WWTP (262,000 P.E.). Crystalactor technology has
been in place and recovering calcium phosphate since 1993 (STOWA, 2010) which could be used as a raw
material in the phosphate industry to produce phosphoric acid. The capacity installation is 250 m^/hr,
which equates to 70kg/P/hr (Giesen, 2009). The OPEX costs are very high, and the plant has been deemed
as economically unviable (Kalogo & Monteith, 2008). This will most likely change once the cost of mined P
increases.
Steenderen and Olburpen WWTPs
Steenderen WWTP treats WW from a potato industry and WW from Olburgen WWTP. Struvite is produced
by magnesium oxide dosing, and the struvite is used as a fertiliser. Annamox technology is used to treat
the high ammonia returns from AD process (STOWA, 2010).
Garmerwolde WWTP
Garmerwolde WWTP aimed for energy neutrality. The plant treats all sludge produced onsite, but it also
accepts sludge imports from other treatment plants. The sludge is treated in AD units to produce biogas,
which is used to produce heat and electricity in a CHP unit, which covers 60-70% of the internal WWTP
electricity demands. The heat produced is used to heat the digesters. The high ammonia digester water
returns are treated with the SHARON (N Removal over nitrite) process (STOWA , 2010).
Apeldoorn WWTP
Apeldoorn WWTP has AD units which co-digest sludge from the site with imported high calorific wastes
such as grease and blood to generate a biogas which in turn is used to generate heat and power in the CHP
units. The CHPs generate sufficient electrical power to meet the needs of the WWTP, thus the plant is
energy neutral in terms of electrical requirements, and the heat generated is used for district heating for
heating 2500 newly built houses (STOWA , 2010). AD waste return streams high in ammonia are treated
onsite using DEMON (De-ammonification) technology (Waterschap Veluwe, 2009).
Amsterdam WWTP
With a P.E. of 1 million, Amsterdam WWTP is the largest in the Netherlands. The energy content of the
sludge and biogas is efficiently utilised through co-operation with the neighbouring waste to energy facility
(high efficiency incineration) operated by Afval Energie Bedrijf (AEB). The WWTP conveys its digestate
sludge to AEB for combustion in their high efficiency incineration furnaces; such co-incineration improves
the heat balance in the furnaces, thus enabling more solid waste processing, resulting in a higher energy
output. Biogas from the WWTP AD process is converted into electricity by gas engines at the AEB plant.
AEB supply heat and electricity (40% of requirement) back to the WWTP. AEB also benefit from heat to
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preheat the furnaces, as does the district heating system nearby (Nieuwenhuijzen, et al., 2006). The
partnership works well and the two facilities working together exhibit a successful sustainable hub for RR.
Beverwiik WWTP
Biogas from Beverwijk was used historically to produce heat and electricity, with surplus gas being wasted
(STOWA , 2010). In 2011 the Pentair Haffmans biogas upgrading plant was installed and went into
operation at Beverwijk, with a biogas capacity of 250mVhr; producing approximately 1.28 MmVyr. Biogas
from the WWTP is upgraded to Dutch specifications (similar to natural gas standards) before being
injected into the national gas grid. A certain portion of the bio methane (7%) is also used as a transport
fuel which services the water utilities car pool of 19 cars (Biogas Partner Project, 2012).

6.4 Germany
North Rhine Westphalia (NRW) Region
In the German NRW region 344 WWTPs have undergone energy analysis, including energy auditing and
benchmarking. The results illustrate a large energy consumption reduction of 50% in the plants assessed
(through increasing energy efficiency). Focusing on energy optimisation can prove to be more
economically attractive for plants as potential savings outweigh the investment costs. Data analysis from
the 344 plants in the NRW region concluded that the overall savings potential could be in the region of 3
to 4 billion euro over a 15 year period (Wett, et al., 2007).
Sud WWTP
Sud WWTP with a P.E. of 40,000 applied sludge pre-treatment techniques to boost biogas yields in the
form of full scale ultrasonic cell destruction. Ultrasonic acoustic waves are applied to sludge (typically
WAS) to achieve a high temperature and pressure within the sludge. These conditions yield an implosion
of gas bubbles which stress, crack and break the membrane walls of the bacteria and organic matter
(Hogan, et al., 2004) (US EPA, 2006). 100% WAS load was used as the feedstock, 6kW ultrasonic load was
applied, which resulted in 50% improvement in VS destruction in the AD units, thus increasing biogas
production by 45% (Bartholomew, 2002).
Mannheim WWTP
Mannheim WWTP with a P.E. of 725,000 is another example in Germany where the pre-treatment
technique of ultrasonic cell destruction is carried out. At Mannheim the sludge feed was a mix of 50% PS
and 50% WAS. Since start-up (2001) the plant has seen VS destruction increase of 70%, increasing the
biogas yield to 45%. The additional biogas achieved resulted in 1.2 MW electricity generations which
resulted in savings of €285,000 per annum. Other benefits of the ultrasonic technology installation
included improvements in dewatering processes with a decrease in poly consumption, and a decrease in
drying operation of 25%. Considering all benefits Mannheim WWTP benefited from a payback period of 8
months (Bartholomew, 2002).
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Stuttgart Muhihausen WWTP
Incineration is completed at Stuttgart WWTP. The sludge is dried and then co- incinerated with screenings
in a fluidised bed reactor. The steam which is generated produces electricity through a back pressure
turbine. Thermal energy is also produced which is utilised onsite to dry the sludge, and exported for local
district heating (BAMAG, 2003).
Balinaen WWTP
Balingen WWTP has a P.E. of 200,000 and is a sludge hub for the region. The sludge from the site and
imported sludge's are dried in a Huber belt drier from approximately 28% to 90% DS prior to thermal
treatment in the KOPF gasification plant onsite. Exhaust heat generated onsite (heat and power plant and
gasification plant) is reused for the drying plant to minimise use of primary energy. Digester gas from AD is
also used as a heat production source. Approximately 1,200 MWh/y of thermal energy is reused in the
heating systems, thus saving approximately 305 tonnes of CO2 per year (Huber Technology, 2010).
Grevesmuhlen WWTP
Grevesmuhlen WWTP with a P.E. of 40,000 increases biogas yields by AD co-digestion of sludge with
grease. The co-digestion strategy not only allows the plant energy neutrality but excess electricity is
produced.

In 2005 an average of 113% of the electricity consumed in the operation of the plant was

generated by the gas engines on-site. In this case approximately 30% co-digested grease from the grease
interceptor yielded a 4 fold increase in gas yield, an improvement in VS destruction of approximately 20%,
an improvement on the energy and financial balance overall, and finally an improvement in the anaerobic
sludge stabilisation with regards the organic matter degradation rate (Schwarzenbeck, et al., 2008).
Braunschweig WWTP
Braunschweig has a P.E. of 250,000. The WWTP uses AD to co-digestion methods to increase energy
production onsite. Sludge from the plant is mixed with FOGs from local businesses which increases the
biogas yield. A combination of onsite biogas and gas from a nearby landfill is used to co-generate
electricity, approximately 14 GWh/year. This output means the plant is 100% energy self-sufficient
(Earnshaw, 2012).
Berlin WWTP
Berlin works utilises the natural energy potential in WW; the low-grade heat. In Berlin an IKEA furniture
store is supplied with heating and cooling water from the WW. A bypass from the sewerage network, a
heat exchanger and a heat pump are used in the installation. The heat recovered from the WW in this way
provides 70% (heating) and 100% (cooling) of the energy required for the building. This set up has also
reduced the stores GHG emissions by 770t of carbon equivalent per year (Earnshaw, 2012).

6.5 Switzerland
Following years of energy auditing and benchmarking in Swiss WWTPs an energy consumption reduction
of 38% was achieved (Wett, et al., 2007).
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Werdholzli WWTP
Werdholzli WWTP is self-sufficient, achieving 100% energy recovery through a combination of techniques
which include energy reduction and energy saving techniques such as the high ammonia AD returns being
treated by Annamox technology; combined with energy generation enhancement by pre-treatment of
biosolids and FOG co-digestion (Joss, et al., 2010).

6.6 UK
The UK water companies have a long established history with energy recovery in WWT, particularly with
regards the sludge to biogas route. Also UK water companies have committed to pursuing that at least
20% of all energy used in the industry comes from renewable sources by 2020. Therefore improvements
and increased efficiencies will be forthcoming.
Stoke Bardpole
The UKs largest energy crop AD facility is located at Stoke Bardpole estate (1,750 acres of land), operated
by Severn Trent Services. STS have been spreading biosolids on the land. The biosolids from the WWTP act
as a fertiliser for the energy crop e.g. Maize which grows well in UK soils and climate conditions. The land
is adjacent to the WWTP so energy generated from the AD is used in the WWTP. In total 15 GWh per year
is produced. There is a good grid connection for excess power generated, and there is an opportunity for
heat sales.
Leeds
Incineration of sludge is carried out at Leeds. The sludge is dewatered to a sludge cake and then injected
into a fluidized bed furnace at temperatures in excess of 850°c. The bed is fluidized by pre-heated air
which evaporates the water and completes the incineration of the sludge yielding an inert ash. Heat is
recovered from the flue gases via a heat recovery system which is used to pre-heat the combustion air and
to generate steam. The steam is used to dry the feed sludge and to generate electricity in a steam turbine
(Kalogo & Monteith, 2008).
Blackburn WWTP
Blackburn WWTP pre-treats its sludge using enzymatic hydrolysis (EH) as a method to increase biogas
yields. EH has been reported to increase VS destruction by 10%, increase biogas production by 24%,
produce volatile fatty acids (VFAs) which can be used for nutrient removal, and disinfect sludge at
mesophilic digestion temperatures. However full scale experience in Blackburn has shown limiting factors
for VFA production during EH (Kalogo & Monteith, 2008).

6.7 USA
Durham Advanced Wastewater Treatment Plant
Clean Water Services (CWS) Durham WWTP, Oregan, USA is a centralised plant, replacing several scattered
inefficient and outdated WWTPs. The plant has undergone several phases of upgrade works to become an
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advanced efficient system in terms of energy, nutrient and water reuse and recovery. In 1994 a shift in
focus to a more sustainable approach with regards energy efficiency saw the removal of the incinerators
which were replaced with more efficient and lower carbon footprint AD units. Biogas produced electricity
which provided 25% of the plants power needs, thus reducing imported electricity therefore reducing site
GHG emissions.
CWS met a strict P limit of 0.1 mg/I through a combination of enhanced biological removal (EBPR) and
tertiary treatment. The company received a patent for a unique biological treatment process that uses
naturally occurring bacteria in sewage to biologically remove P from WW, saving more than $110,000
annually, reducing chemical costs, biosolids processing, transportation and energy. With regards to
nutrient recovery the plant recovers P in the form of struvite fertiliser (Clean Water Services , 2002). Using
the manufactured struvite fertiliser as an alternative to commercially available fertiliser further reduces
energy and GHG emissions.
Final effluent water is reused for irrigation of golf courses, schools and a park during summer months to
reduce the pressure on scarce water resources. Approximately half of the biosolids produced by the
facility are used as a soil conditioner on local farms. Over a five year period CWS estimate that local use of
biosolids has saved approximately $1 million in transportation costs. Previously the biosolids were
transported and applied to land in eastern Oregan.
King County Washington Seattle
Investigations into using biosolids (produced by Seattle's two largest WWTPs) as a fertiliser to grow canola
as a biofuel crop proved that the practice would be feasible. This exhibits the beneficial application of
sludge as a resource for energy crop (biofuel) resource growth. In King County farmers crushed the canola
seed to extract the oil which was then sold on to a company which processed the oil into the biodiesel fuel
(King County, 2010).
Michelson WWTP Irvine California
A new biosolids treatment plant and advanced water treatment facility was installed in the plants
expansion programme. Irvine Ranch Water District investigated AD performance improvement approaches
through AD pre-treatment methods and co-digestion with high calorific FOGs to boost biogas yields. In
addition to producing biogas energy, the district will thermally dry the AD digestate to create a fertiliser or
alternatively a fuel product that can be used in a local cement factory kiln. The plant also has

expanded

their effluent treatment system incorporating a membrane bioreactor process. The plant now produces
high quality water for reuse. Phosphorus recovery technologies were considered in the works, however
were finally not included as were not deemed economically feasible at this time (Wallis-Lage, 2011).

6.8 japan
Sewerage Bureau of Tokyo Metropolitan Government (SBTMG)
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SBTMG has embarked on a new project where dewatered sludge will be turned into fuel charcoal and sold
for thermal power generation, reducing GHG emissions. The carbonization facilities, a first in Japan will
have the capacity to treat 300 tonnes of dewatered sludge per day (Oda, 2007).
Lake Shinji East Clean (LSEC) Centre
At LSEC a full scale P recovery process has been installed where P is recovered as struvite. P enriched
filtrate from the sludge dewatering process is treated. The filtrate enters the bottom of the precipitation
reaction tower at a concentration of approximately 100 mg/I as phosphoric acid. Magnesium hydroxide
and sodium hydroxide are injected to adjust pH (8.2 - 8.8). After a retention time of approximately 10 days
struvite crystals grow in the reactor to approximately 0.5 to 1.0 mm in size. Struvite is recovered and sold
as fertiliser; the treated effluent leaves the top of the reactor having achieved a 90% removal rate of P.
The plant has a capacity of 45000 m^ per day which equates to approximately 500 to 550 kg of struvite per
day, thus 0.01 kg struvite per m^ of WW treated (Kalogo & Monteith, 2008).

6.9 Siiigapoi'e
Ulu Pandan Water Reclamation Plant
Ulu WWTP has a design capacity of 361,000mVd. 3 stages of treatment take place; the south stream
(200,000mVd) undergoes the Modified Ludzack-Ettinger (MLE) process, the north stream undergoes
conventional AS and MLE (86,000mVd) and the liquid treatment module (LTM) (75,000mVd) undergoes
two stage activated sludge process without primary settlement tanks (Cao, 2011). Two different types
(conventional floating AD and egg shaped AD) of mesophilic AD units treat the sludge onsite, both
operating at a retention time of approximately 20 days at 31°C.
Biogas is used for electricity generation for energy recovery and utilisation onsite, digested sludge is sent
for incineration at a centralised facility in Singapore (Cao, 2011). The plant is investigating methods to
enhance biogas yields and efficiencies onsite such as maximising COD going to AD, improvement of energy
consumption of AS system, enhancement of AD performance through pre-treatment methods, and AD
returns side treatment improvement technologies such as Annamox.
The majority of the final effluent from the south and LTM streams is supplied to the NEWater facility
(Capacity 148,000mVd) which uses advanced membrane technology and UV disinfection technologies to
treat the effluent to high standards for direct potable water resuse. NEWater facilities are currently
producing enough water to meet 30% of Singapore's water demand (PUB Singapores National Water
Agency, 2013).

6.10 Australia
Brisbane
Brisbane has suffered severe droughts for years and authorities were looking at a situation of a stark water
shortage issue within 2 years. Water recycling options were investigated to solve the problem; indirect
potable reuse (IPR), where advanced water treatment processes such as RO, MF and advanced oxidation
treat the water and the treated water is released back into the environment prior to reuse or retreatment
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and direct potable reuse (DPR) where the treated water is added directly into the water supply network
(Khan, 2012). DPR, even in drought situations is still a distasteful subject to people. By 2007, as the worst
stages of the drought had set in, it became apparent that Brisbane would need to implement new
strategies to utilise any water resource available e.g. IPR (Khan, 2012).
The Western Corridor Recycled Water Project (WCRWP) was developed during 2007-2010 partially as a
means to supplement drinking water supplies in Lake Wivenhoe, South East Queensland (primary source
of drinking water for Brisbane). The WCRWP uses effluent from six wastewater treatment plants in the
area. The effluent is subjected to advanced water treatment at three new advanced water treatment
plants.
The uses of the recycled water vary from agricultural irrigation, industrial uses, and human consumption.
Some of this advanced-treated water is now used for industrial purposes; however as already noted due to
health risk concerns and environmental risks, the majority of the general public remain cautious of WW
treated water for drinking. If droughts continue and water shortages worsen the issue will have to be
overcome (Khan, 2012).

6.11 Hungary
Budapest - South Pest WWTP
South Pest WWTP has a design P.E. of 300,000. The plant optimises biogas by AD co-digestion practices.
Industrial and commercial food wastes are co-digested with sewage sludge from the plant. Food waste has
a high calorific value and an ideal C: N ration of approximately 25:1 which is perfect for AD. Revenue is
generated from gate fees and existing energy production revenues have enhanced; biogas production has
increased by 400% and subsequent energy generation is up by 300% (Earnshaw, 2012).

6.12 China
WWTPs in China focus on energy recovery; methane formation through AD is the most popular technology
for biological energy utilisation. In 1991 more than 7 million small digesters were in operation in rural
areas, treating a combination of wastes including sewage and WW. The total annual production of
methane gas was 720 million m^ (Aalbers, 1999). Investigations and works have been carried out assessing
the benefits of using sewage sludge to produce bricks and other building materials.
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7.1 Research Questions Considered
The initial project brief highlighted the research questions to be answered in the Literature Review as
follows:
1.
2.

What are the Resource Recovery potentials of WWTP's in terms of nutrients, energy, and water?
What overall Resource Recovery option(s) are best suited to Limerick Main Drainage in terms of
energy, nutrients and water recovery?

The research methodology and project plan proposed that question 1 would be answered in the Literature
Review, and question 2 would be answered with the knowledge gained from answering question 1 and the
Literature Review content. Both questions were addressed in the Literature Review.
Question 1 was considered in the Literature Review in sections 4.0, 5.0 and 6.0 as follows. Section 4.0
detailed the technologies to enable RR practices in terms of energy, nutrients and water. Section 5.0
addressed large PE WWTPs operations in Ireland, and highlighted RR practices if applicable. In Section 6.0
sustainability and RR technologies and practices in operation in other countries were detailed.
From the Literature Review it was found that there are RR recovery potentials in WW, and that it is
feasible to recover energy, nutrients and water from WW. In terms of RR technologies for energy
production the sludge to biogas route is most common and economical. This is evident in the examples
listed in Sections 5.0 and 6.0 but also backed up by GWRC guidelines based on a TBL assessment of
technologies. Another important aspect learned in the research with regards energy is investigation of the
net energy balance in WWTPs is essential. Priority must be given to reducing energy consumption and
increasing energy production.
In terms of RR technologies for nutrient recovery it would appear that the technologies without
aggressive chemical addition are the preferred method e.g. calcium phosphate seeding process using lime
or struvite production using magnesium hydroxide. This is also conveyed in the GWRC TBL assessment
recommendation for P recovery technologies. From EU and worldwide examples it appears P recovery
facilities are in the main not economically viable at present but as P stocks decline the balance will shift
and these processes will be more feasible. At present biosolids in Ireland is primarily land spread. There
are no specific nutrient recovery facilities in operation in the Irish plants which were investigated.
Finally water reuse is carried out in the Irish WWTPs considered in Section 5.0, primarily for internal
process requirements. Upgrading of effluent is being carried out abroad, technologies are well established,
and the level of treatment depends on the end use. The most common use for effluent water is agriculture
and intra urban non potable uses. In areas which are subject to drought high treatment using membrane
technology and RO to treat WWT effluent will become more important and economical in the future for
DPR.
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The knowledge gained in the Literature Review assisted in the addressing of the second research question;
considering that LMD has no energy recovery facility onsite, and given the potential energy in WW, it is
proposed that energy recovery is the best RR option for LMD. It is proposed that LMD install a technology
such as AD to process the sludge to biogas. The biogas can be used to provide heat and power to the plant
or direct grid injection depending on feasibility. As already stated any energy recovery program should
involve a net energy balance investigation; focusing on energy consumption reduction (increased aeration
efficiencies, SRT reduction, and side stream treatment of AD wastes) and energy generation maximisation
(via pre-treatment, co-digestion, enhanced PSTs).
Initial design calculations have been completed to confirm that there is potential in terms of energy
production. LMD not only treats WW from Limerick City but is a sludge hub for Limerick County.
Approximately 277,307 m^ of sludge per year could be available (more if co-digestion with high calorific
wastes) for AD energy production (if diverted 100% from drier), producing 2,709 mVd theoretical
methane, thus 62,301 MJ/d or 27 MWh/d theoretical energy (See Appendix A).
Water Reuse can also be optimised onsite, enhanced treatment could allow water to be reused for poly
make up and for all other non-potable uses onsite. Investigation into other water requirements for
Limerick City could be investigated to see if other uses are required; the level of treatment required and
the economic viability.
As nutrient limits are not stringent at present, and as enhanced nutrient removal is not required on site as,
the nutrient recovery option would not be a priority for LMD at present. But it may be investigated at a
later date.

7.2 Outline of Realisation Phase
Research Questions 3, 4 and 5 outlined below will be addressed by completing the project realisation
phase. The questions are as follows:
3.

What is the energy content/calorific value of the primary sludge at Limerick Main Drainage?

4.

What is the bottom line from the cost benefit analysis of comparing RR option(s) to current

unsustainable situation at LMD?
5.

What is the best template for scalability and transferability of the RR plan within the industry?

The realisation phase will assess the RR plan outlined from the answering of research question No.2. The
plan for LMD will be outlined in greater detail.
Lab analysis will be conducted to ascertain their energy content. The results of this will be used to confirm
the potential exists, and to back up the cost benefit analysis results.
A detailed cost benefit analysis will be conducted and compared to current operational costs. A number of
scenarios may be explored here for example; comparing AD CAPEX &

OPEX

costs

with

either

biogas/CHP set up or AD with biogas upgrading/direct grid injection, taking into account associated
revenues to current OPEX costs of drier and biosolids/cake disposal management costs. Also investigation
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into decommissioning of drier and removal of associated high OPEX costs, particularly reactive
maintenance costs will be assessed in the cost benefit analysis.
The final part of the project realisation will attempt to design a template of the RR plan, to assist in
scalability and transferability within the Industry.
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LMD Preliminary Calculations
Note: Preliminary Calculations Bases on 1 years data (2012)

--------------------------- ^ ----------------- ' ------------------'

Total Feed

Total Feed

LMD Potential Feedstock Volume m^/yr
Primary Sludge
WAS
Imported Sludges
Total

---------------- '

Volume mVd

% DS

Feed Volatile

Approximate

Solids %

C:N Ratio

34365

94

4%

83%

14

237662

651

1%

80%

5.4

5280

14

>6%

80%

277307

760

--------------------------- ^
Theorethical

Theorethica Theorethical
1 Energy

Energy

Max Methane Yield

Methane

Digester

Produced

Produced

mVCH4/tvs applied

Produced m^/d

Volume m^

MJ/d

MWh/d

300

938

300

1563

300

208

2709

Total

HRT(d)

9117

62301

27

12

Calculations:
Theorethical Biogas Production (m^) = Feedstock Volume (m^) X Feedstock Dry Solids (%) x FS VS (% of DS) X Maximum
_____________________________________________ Biogas production (mVt VSDS)_____________________________________________

Digester Volume (m^) = Substrate total mVyr x Retention Time /365 days/year

Energy Produced (MJ/d) = CH4Yield mVd X 23 MJ/m^
Notes:
65% CH4 = 23 MJ per m^ 100 % CH^ = 36 MJ per m"
Assuming CH4 content 65 %

__________Energy Produced (MWh/d) = (CH4 Density kg/m^ X LHV CH4MJ/kg 4- 36 MJ) X Energy Produced (myd)
Notes:
Assumi ng CH4 content 65 %
Density CH4(at standard pressure and temperature) = M

V =0.717 kg/m^

Lower Calorific Value (LCV) CH4 = 50.1 MJ/kg
1 MWh = 3600 MJ

Hydraulic Retention Time (HRT) = Reactor Volume (m^) = Volume Feed/d (m^)

Aoife Moloney

Page 57

References

References

References
Aalbers, H., 1999. Resource Recovery from Faecal Sludge using Constructed Wetlands, Gouda: Urban
Waste Expertise Programme (UWEP).
Adam, D. I. C., 2011. SUSAN Final Activity Report, s.l.: SUSAN.
Anon., 2007. Department of Environment, Community and Local Governmnent. [Online]
Available at: http://w\A/w.environ.ie/en/Environment/Water/WaterQualitv/WaterFrameworkDirective/
[Accessed 23 January 2013].
Apostolidis, N., 2010. Australian Experience in Water and Energy Footprints. Water Practice and
Technology, 5(4).
Bailey, O. & Worrell, E., 2005. Clean Energy Technologies A Preliminary Inventory of the Potential for
Electricity Generation, California: Energy Analysis Department Environmental Energy Technologies Division
Ernest Orlando Lawrence Berkeley National Laboratory University of California.
BAMAG, 2003. Thermal Sludge Incineration: Main Sewage Plant of Muhihausen. Butzbach: BAMAG.
Bartholomew, R., 2002. Ultrasound Disintegration of Sewage Sludge: An Innovative Wastewater Treatment
Technology. [Online]
Available at:
http://www.dep.state.pa.us/dep/deputate/watermgt/wsm/WSM TAO/InnovTech/ProiReviews/Ultrasoun
d-Disintegr.htm
[Accessed 5 April 2013].
Berg, et al., 2005. Phosphorus Removal and Recovery from Waste Water by Tobermorite-seeded
Crystallisation of Calcium Phosphate, Innsbruck: Posch & Partners Consulting Engineers.
Biogas Partner Project, 2012. Biogas Parternership Project. [Online]
Available at: http://www.biogaspartner.de/en/europe/proiect-examples-europe/beverwiik.html
[Accessed 5 April 2013].
Camacho, P. et al., 2008. Combined Experiences of Thermal Hydrolysis and Anaerobic Digestion Latest
Thinking on Hydrolysis of Secondary Sludge Only for Optimum Dewatering and Digestion.. Chicago,
WEFTEC.
Cao, S. Y., 2011. Mass Flow and Energy Efficiency of Municipal Wastewater Treatment Plants. 1st ed.
London: IWA Publishing.
Cao, Y. S., 2011. Mass Flow and Energy Efficiency of Municipal Wastewater Treatment Plants. 1st ed.
London: IWA Publishing.

Aoife Moloney

Page 58

References
Carbolea Research Group, 2009. Carbolea Research Group, University of Limerick. [Online]
Available at: http://www.carbolea.ul.ie/
[Accessed 2 April 2013].
Clean Water Services , 2002. Clean Water Services Durham Waste water Treatment Plant. [Online]
Available at: www.cleanwaterservices.org
[Accessed 3 February 2013].
Colella, C., 1996. Ion exchange equilibria in zeolite minerals. Mineralium Deposita, 31(6), pp. 554-562.
Columbia University, 2010. Columbia Engineering Bulletin. [Online]
Available at: http://engineering.columbia.edu/prof-chandran-wins-paul-busch-award
[Accessed 2 April 2013].
Commission for Energy Regulation, 2012. Electricity Security of Supply Report 2012, Dublin: CER.
Cordell, D., Drangert, J.-O. & White, S., 2009. The story of pfiosphorus: Global food security and food for
thought. Global Environmental Change, 1(19), pp. 292-305.
Department of Communications, Environment and Natural Resources, 2009. National Renewable Energy
Action Plan. [Online]
Available at: http://www.dcenr.gov.ie/NR/rdonlvres/C71495BB-DB3C-4FE9-A7250C094FE19BCA/0/2Q10NREAP.pdf
[Accessed 25 February 2013].
Deny, P. & Anderson, B., 2007. Peak Phosphorus, Australia: Energy Bulletin.
Dublin City Council, 2011. Dublin City Council. [Online]
Available at:
http://www.dublincitv.ie/WaterWasteEnvironment/WasteWater/Ringsend%20Waste%20Water%20Treat
ment/Pages/RingsendWasteWaterTreatment.aspx
[Accessed 10 February 2013].
Dublin City Council, 2011. Dublin City Council. [Online]
Available at:
http://www.dublincitv.ie/WaterWasteEnvironment/WasteWater/RingsendWastewaterTreatmentWorksEx
tension/Pages/RingsendWastewaterTreatmentWorksExtension.aspx
[Accessed 23 January 2013].
Earnshaw, N., 2012. Sustainable wastewater option. Water and Wastewater Treatment, 1 December,
55(12), pp. 21-22.
EPS Group, 2012. EPS Ireland. [Online]
Available at: http://www.epswater.ie/news-articles-eps-group/eps-quarterlv-update-on-dundalkwwtw.2322.html
[Accessed 23 January 2013].

Aoife Moloney

Page 59

References
European Union, 2009. 'Directive 2009/28/EC of the European Parliament and of the Council of 23 April
2009 on the promotion of the use of Energy from renewable sources and amending and subsequenty
repealing Directive 2001/77/EC'. Official Journal of the European Union, L140/16. [Online]
Available at; http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:140:FULL:EN:PDF
[Accessed 11 February 2013].
Evides Industriewater, 2012. Membrane Bio - reactor. Turning Municipal Wastewater into Demineralised
Water, Rotterdam: Evides Industriewater.
Fehily, B., 2008. A review of and report on certain matters relating to Dublin City Councils Ringsend
Wastewater Treatment Plant, Dublin: The Minister for the Environment, Heritage & Local Governmnet,
Mr. John Gormely.
Fehily Timony & Company, 1999. Department of the Environment and Local Governmnet. [Online]
Available at:
http://www.environ.ie/en/Environment/Water/WaterServices/PublicationsDocuments/FileDownLoad.172
28,en.pdf
[Accessed 11 February 2013].
Galway City Council, 2004. Galway City Council Mutton Island Wastewater Treatment Plant. [Online]
Available at:
http://www.galwavcitv.ie/AIIServices/WaterandDrainaee/WasteWaterandSewage/MuttonlslandWasteWa
terTreatmentPlant/
[Accessed 10 February 2013].
Giesen, A., 2009. P Recovery with the Crystalactor. Amersfoot: DHV Engineeing Consultants.
Gleick, P., 1993. Water in Crisis: A Guide to the World's Fresh Water Resources. 1st ed. New York: Oxfor
University Press.
Gleick, P. H., 1998. Water in Crisis: Paths to Sustainable Water Use. Ecological Applications, 111(8), pp. 571579.
Gray, N., 1999. Water Technology An Introduction for Environmental Scientists and Engineers. 1st ed.
London: Arnold Publishers.
Green Awards , 2013. Green Awards Past Winners. [Online]
Available at: http://www.greenawards.ie/past-winners.php
[Accessed 28 January 2013].
GWRC, 2008. Water and Energy, Report of the GWRC Research Strategy Workshop, London: GWRC.
Hallgren, L., 2010. Towards a sustainable public transport system in Stockholm, Stockholm: Baltic Biogas
Bus.
Hellstedt, C. et al., 2010. Increased biogas production at the Henriksdal Wastewater Treatment Plant,
Stockholm: EU commission Biogasmax Project.

Aoife Moloney

Page 60

References
Hogan, F., Mormede, S., Clark, P. & Crane, M., 2004. Ultrasonic sludge treatment for enhanced anaerobic
digestion. Water Science and Technology, 50(9), pp. 25-32.
Horan, N., 2011. Optimising the Digester Feedstock - Sewage Sludge. Wakefield; Aqua Enviro Technology
Transfer.
Horan, N. J., 2011. Design and Operation of the Activated Sludge Process for High Quality Effluents. 1st ed.
Wakefield; Aqua Environ Technology Transfer.
Huber Technology, 2010. Huber Technology Wastewater Solutions. [Online]
Available at; http;//www.huber.de/huber-report/ablage-berichte/sludge-treatment/innovative-sewagesludge-drving-on-\A/wtp-balingen.html
[Accessed 5 April 2013].
lUCN, UNEP, WWF, 1991. Caring for the Earth: A Strategy for Sustainable Living, London; lUCN -World
Conservation Union, UNEP - United Nations Environment Programme, WWF- World Wide Fund for Nature.
Jasinski, S. M., 2011. Phosphate Rock Mineral Commodity Summaries, America; U.S. Geological Survey.
Joss, A. et al., 2010. Sludge liquid treatment with Combined Nitritation /Anammox, Ghent; Neptune
Meeting .
Kalogo, Y. & Monteith, H., 2008. State of Science Report: Energy and Resource Recovery from Sludge,
Canada; Global Water Research Coalition.
Kampf, R. & Boomen, R. v. d., 2013. Water Harmonics in the Netherlands (1996-2012) Natural Constructed
Wetlands between Well Treated Wastewater and Usable Surface Water, Amersfoort; STOWA.
Keller, J., 2008. Reduce, Recover and ? - Options for producing energy from wastewater. Chemical
Technology, October, Volume October, pp. 4-6.
Khan, S., 2012. ABC Environment. [Online]
Available at; http;//www.abc.net.au/environment/articles/2012/05/ll/3500512.htm
[Accessed 7 February 2013].
King County , 2010. Biosolids Recycling Projects King County. [Online]
Available at;
http;//www. kingcountv.gov/environment/wastewater/Biosolids/BiosolidsRecvclingProiects.aspx
[Accessed 6 April 2013].
Kroiss , H., 2004. What is the potential for utilizing the resources in sludge?. Water Science Technology,
49(10), pp. 1-10.
Lazarova, V., Choo, K.-H. & Cornell, P., 2012. Water-Energy Interactions in Water Reuse. 1st ed. London;
IWA Publishing.

Aoife Moloney

Page 61

References
Maas, P.

V.

d., 2011. UltraPure Water Produced from WWTP Effluent: UPW Plant Emmen. Amsterdam:

Aqualndustry Amsterdam.
Metcalf and Eddy, 2003. Wastewater Engineering Treatment and Reuse. Fourth ed. s.l.:McGraw Hill.
Montag, D., Gethke, K. & Pinnekamp, J., 2009. Different Strategies for Recovering Phosphorus:
Technologies and Costs, London: IWA.
Murphy, J. D., 2006. The benefits of integrated treatment of wastes for the production of energy. Energy,
31(2-3), pp. 294-310.
Nieuwenhuijzen, A. v., Havekes, M., Jong, P. & Jong, . P. d., 2006. Wastewater Treatment Plant Amsterdam
West: New, Large, High-Tech and Sustainable, London: IWA.
O'Connor, M., 2009. EPA Inspectors Report on a Wastewater Discharge Licence Application, Cork: EPA.
Oda, T., 2007. Making Fuel Charcoal from Sewage Sludge for Thermal Power Generation Plant - First in
Japan, Alexandria: Water Environment Federation.
Office of the Attorney General, 2001. Irish Statute Book. [Online]
Available at: http://www.irishstatutebook.ie/2001/en/si/0254.html
[Accessed 23 January 2013].
OSTARA, 2011. OSTARA. [Online]
Available at: http://www.ostara.com/content/where-canada-shines-water-tech
[Accessed 5 April 2013].
Pacific Water, 2008. Water Cycle Diagram. [Online]
Available at: http.7/www.pacificwater.org/pages.cfm/water-services/water-demand-management/waterdistribution/the-water-cycle.html
[Accessed 14 March 2013].
Pakenas, L. J., 1995. Energy Efficiency in Municipal Wastewater Treatment Plants - Technology Assessment,
New York: New York State Energy Research and Development Authority.
Plasynski, S. 1. & Chen, Z.-Y., n.d. Review of C02 Capture Technologies and some improvement
opportunities. [Online]
Available at: http://web.anl.gov/PCS/acsfuel/preprint%20archive/Files/Volumes/Vol45-4.pdf
[Accessed 1 April 2013].
Polprasert, C., 2007. Organic Waste Recycling: Technology and Management. 3rd ed. London: IWA .
Potocnik, J., 2012. European Commission. [Online]
Available at: http://ec.europa.eu/environment/water/water-framework/info/intro en.htm
[Accessed 23 January 2013].

Aoife Moloney

Page 62

References
Prendergast, T., 2013. Executive Engineer, Drainage Section, Galway City Council [Interview] (29 January
2013).
PUB Singapores National Water Agency, 2013. PUB. [Online]
Available at: http://www.pub.gov.sg/water/Pages/singaporewaterstorv.aspx
[Accessed 15 March 2013].
Rietveld, L. C. et al., 2011. Possibilities for reuse of treated domestic wastewater. Water Science and
Technology, 1(64.7), pp. 1540-1545.
SCFI Group, 2010. What is Supercricial Water Oxidation. [Online]
Available at: http://www.scfi.eu/products/
[Accessed 9 April 2013].
Schauer, P., Baur, R., Barnard, J. & Britton, A., 2009. Innovative Phosphorus Control to Turn Struvite
Headaches into Increased Revenue. Proceedings of the Water Environment Federation, pp. 3132-3150.
Schwarzenbeck, N., Pfeiffer, W. & Bomball, E., 2008. Can a wastewater treatment plant be a powerplant?
A case study. Water Science and Technology, 57(10), pp. 1555-1561.
SEAI, 2011. Energy in Ireland Key Statistics 2011, Ireland: SEAL
SEAI, 2011. Energy Security in Ireland: A Statistical Overview, Ireland: SEAI.
SEAI, 2012. Renewable Energy in Ireland 2011, Ireland: SEAI.
Shizas, I. & Bagley, D. M., 2004. Experimental Determination of Energy Content of Unknown Organics in
Municipal Wastewater Streams. Journal of Energy Engineering, 130(2).
STOWA , 2010. NEWs: The Dutch Roadmap for the WWTP of 2030, Amersfoort, The Netherlands: STOWA.
Sustainable Energy Authority of Ireland, 2012. SEAI. [Online]
Available at: http://www.seai.ie/Your Business/Sustainable Energy Awards/Winners 2012/Categorv C/
[Accessed 23 January 2013].
Sweetman, M., 2011. The Blue Challenge. Technology Ireland, 3(1), pp. 28-33.
Tchobanoglous, G., Leverenz, H. & Gikas, P., 2009. Impacts of New Concepts and Technology on the Energy
Sustainability of Wastewater Management. California, Environmental Council of the Aristotle University of
Thessaloniki.
ThermoEnergy Corp., 2012. ThermoEnergy Corp. [Online]
Available at: http://www.thermoenergv.com/wastewater-recoverv/municipal-wastewater-treatment
[Accessed 5 April 2013].
United Nations World Commission on Environment and Development, 1987. Our Common Future Bruntland Report, London: Oxford University Press.

Aoife Moloney

Page 63

References
US EPA, 1999. Wastewater Technology Factsheet: Ozone Disinfection, Washington: US EPA.
US EPA, 1999. Water Technology Fact Sheet: Ultraviolet Disinfection, Washington: US EPA.
US EPA, 2006. Emerging Technologies for Biosolids Management, Washington: US EPA.
Utrecht, 2011. The Filter. [Online]
Available at: http://www.Utrecht.nl/smartsite.clws?id=215387
[Accessed 5 April 2013].
Wallis-Lage, C., 2011. Resource Recovery Plants Generate Opportunities. World Water, 1 October, 34(5), p.
23.
Wallis-Lage, C. et al., 2011. The Paradigm Shift: Wastewater Plants to Resource Plants. s.L, Water
Environment Federation, pp. 2680-2692.
Waterschap Veluwe, 2009. Energy Production at Apeldoorn. [Online]
Available at: http://www.waternetwerk.nl/downloads/news/wYDlAs8k9Q6aZk4k.PDF
[Accessed 5 April 2013].
Wellinger, A. & Lindberg, A., 1999. Biogas Upgrading and Utilisation, s.L: lEA Bioenergy Task 24: Energy
from biological conversion of organic waste.
WERE, 2008. State of Science Report: Energy and Resource Recovery from Sludge Executive Summary,
Alexandria: WERE.
WERE, 2009. Technology Roadmap for Sustainable Wastewater Treatment Plants in a Carbon - Constrained
World, Chigaco: WERE.
WERE, 2010. Case Study. Sustainable Treatment: Best Practices from the Strass im Zillertal Wastewater
Treatment Plant, Alexandria: Water Environment Research Foundation.
WERE, 2011. Energy Production and Efficiency Research - The Roadmap to Net-Zero Energy, Alexandria:
Water Environment Research Foundation (WERE).
Wett, B., 2007. Development and implementation of a robust deammonification process. Water Science
and Technology, 56(7), pp. 81-88.
Wett, B., Bauchauer, C. & FimmI, C., 2007. Energy self-sufficiency as a feasible concept for Wastewater
Treatment Systems. Singapore, IWA Leading Edge Technology Conference.

Aoife Moloney

Page 64

CIT

Institiuid Teicneolafochta Chorcaf

Cork Institute of Technology

Department of Civil, Structural & Environmental Engineering
Master of Engineering (Civil) in Energy & Environmental Engineering

Semester 3: Thesis Realisation

Investigation of Wastewater Treatment Plant Sustainability Potential in terms of
Resource Recovery Essentials

Aoife Moloney

Project Supervisor:
Ms. Denise Barnett

Date:
20/9/2013

Table of Contents

Table of Contents
Acknowledgements.............................................................................................................................................. v
List of Tables........................................................................................................................................................ vi
List of Figures...................................................................................................................................................... vii
Abbreviations.................................................................................................................................................... viii
Executive Summary............................................................................................................................................. xi
1.0 Introduction.................................................................................................................................................... 1
2.0 Project Realisation Methodology.................................................................................................................. 3
3.0 Limerick Main Drainage..................................................................................................................................5
3.1 Existing Plant Process.................................................................................................................................5
3.2 Existing Operational Expenditure............................................................................................................ 10
3.3 Existing Energy Requirements................................................................................................................. 12
3.4 Summary................................................................................................................................................... 12
4.0 Scenario Development.................................................................................................................................13
4.1 Overview................................................................................................................................................... 13
4.2 WWTP Process Energy Demand Reduction.............................................................................................13
4.2.1 AS Aeration Demand Reduction at Limerick Main Drainage...........................................................14
4.2.2 Innovative Low Energy Treatment Technologies............................................................................ 15
4.2.3 Mechanical and Electrical Equipment Efficiency............................................................................. 15
4.3 Energy Generation....................................................................................................................................17
4.3.1 Anaerobic Digestion..........................................................................................................................18
4.3.2 Types of Anaerobic Digestion........................................................................................................... 22
4.3.2.1 Mesophilic Anaerobic Digestion (MAD)....................................................................................... 22
4.3.2.2 Thermophilic Anaerobic Digestion (TAD)..................................................................................... 22
4.3.2.3 High Rate Anaerobic Digestion......................................................................................................23
4.3.2.4 Two stage Anaerobic Digestion.....................................................................................................25
4.3.2.5 Two Phase Anaerobic Digestion....................................................................................................26
4.4 Biogas Composition..................................................................................................................................29
4.5 Biogas Contaminants................................................................................................................................29

Aoife Moloney

Page i

4.5.1 H2S...................................................................................................................................................... 29
4.5.2 Siloxanes............................................................................................................................................. 29
4.6 Biogas Cleaning & Upgrading Methods.................................................................................................... 31
4.6.1 H2S Removal....................................................................................................................................... 32
4.6.2 CO2 Removal....................................................................................................................................... 33
4.6.3 H2O Removal....................................................................................................................................... 34
4.6.4 Siloxanes............................................................................................................................................. 34
4.6.5 Particulates......................................................................................................................................... 35
4.6.6 Oxygen and Nitrogen Removal.......................................................................................................... 35
4.7 Biogas Uses................................................................................................................................................ 36
4.7.1 Combined Heat and Power Plants..................................................................................................... 37
4.7.1.1 Fuel Cells.......................................................................................................................................... 37
4.7.1.2 Microturbines..................................................................................................................................38
4.7.1.3 Gas Turbines - Internal Combustion Engine (ICE)........................................................................ 39
4.7.1.4 Stirling Engines - External Combustion Engine............................................................................ 39
4.7.2 Grid Injection of Upgraded Biogas - Biomethane................................................................................ 40
4.8 Increasing Biogas Yield - Pre-treatment..................................................................................................44
4.8.1 Thermal Hydrolysis.............................................................................................................................44
4.8.2 Ultrasound.......................................................................................................................................... 45
4.8.3 Mechanical - Pressure Homogenisation...........................................................................................46
4.8.4 Mechanical - Lysate- thickening centrifuge..................................................................................... 47
4.9 Co - Digestion............................................................................................................................................ 48
4.10 Summary.................................................................................................................................................. 51
5.0 Limerick Main Drainage Scenarios............................................................................................................... 53
5.1 Scenario 1 - Mesophilic Anaerobic Digestion (MAD).............................................................................. 54
5.2 Scenario 2 - Pre -treatment Technology prior to MAD......................................................................... 55
5.3 Scenario 3 - Co -Digestion, Pre-treatment prior to MAD....................................................................... 56
6.0 Laboratory Analysis....................................................................................................................................... 57
6.1 Introduction............................................................................................................................................... 57
6.2 Health & Safety Considerations................................................................................................................ 57
6.3 Materials and Methods.............................................................................................................................58
6.3.1 Materials Used.................................................................................................................................... 58

Aoife Moloney

Page ii

6.3.2 Total Solids, Fixed Solids and Volatile Solids................................................................................... 58
6.3.3 Biomethane Potential (BMP) Assays..............................................................................................59
6.3.4 BMP Assays - Gas Measurement......................................................................................................59
6.4 Discussion of Results............................................................................................................................... 62
6.4.1 Sludge Characterisation Results....................................................................................................... 62
6.4.2 Biomethane Potential Assay Results................................................................................................63
6.5 Conclusions............................................................................................................................................... 67
7.0 Life Cycle Cost Benefit Analysis................................................................................................................... 69
7.1 CBA Model Design................................................................................................................................... 69
7.1.1 Scenario Development Tab.............................................................................................................. 69
7.1.2 CHP Energy Tab.................................................................................................................................70
7.1.3 Expenditure Tab............................................................................................................................... 70
7.1.4 Economics Tab.................................................................................................................................. 72
7.2 Scenario 1................................................................................................................................................. 75
7.3 Scenario 2................................................................................................................................................. 78
7.4 Scenario 3................................................................................................................................................. 81
7.5 Conclusions............................................................................................................................................... 85
8.0 Template for Energy Resource Recovery....................................................................................................87
8.1 Introduction.............................................................................................................................................. 87
8.2 Questions Considered............................................................................................................................. 88
8.3 Template Key Output Results.................................................................................................................. 89
8.4 Conclusions............................................................................................................................................... 90
9.0 Research Conclusions...................................................................................................................................91
References.......................................................................................................................................................... 93
Appendix A......................................................................................................................................................... 99
Safety Method Statement - TS, FS, VS Determination.............................................................................. 100
Safety Method Statement -BMP Determination........................................................................................108
Appendix B........................................................................................................................................................121
Total Solids Determination Methodology...................................................................................................122
Fixed and Volatile Solids Determination Methodology............................................................................. 123
Biomethane Potential Assays Methodology...............................................................................................124
Reactor Preparation Sheets......................................................................................................................... 127

Aoife Moloney

Page iii

Appendix C........................................................................................................................................................ 133
LMD Existing Plant Data Analysis - 2012..................................................................................................... 134
Scenario 1 Development..............................................................................................................................136
Scenario 1 - CHP........................................................................................................................................... 139
Scenario 1 - CHP Expenditure......................................................................................................................140
Scenario 1 - Direct Gas Grid Injection Expenditure....................................................................................142
Scenario 1 - Economics................................................................................................................................ 144
Scenario 1 - Economics Summary............................................................................................................... 147
Scenario 2 Development..............................................................................................................................148
Scenario 2 - CHP........................................................................................................................................... 150
Scenario 2 - CHP Expenditure......................................................................................................................151
Scenario 2 - Direct Gas Grid Injection Expenditure....................................................................................153
Scenario 2 - Drier OPEX Compared to Cambi Pre-treatment OPEX...........................................................155
Scenario 2 - Economics................................................................................................................................ 156
Scenario 2 - Economics Summary............................................................................................................... 159
Scenario 3 Development..............................................................................................................................160
Scenario 3 - CHP........................................................................................................................................... 163
Scenario 3 - CHP Expenditure......................................................................................................................164
Scenario 3 - Direct Grid Injection Expenditure...........................................................................................166
Scenario 3 - Economics................................................................................................................................ 168
Scenario 3 - Economic Summary................................................................................................................ 171
Appendix D........................................................................................................................................................172
Template for Energy Resource Recovery.................................................................................................... 173

Aoife Moloney

Page iv

Acknowledgements

Acknowledgements

Acknowledgements
I would like to sincerely thank my supervisor, Ms. Denise Barnett, who has given me positive and
continuous support and feedback from the very start of this project. Denise took time each week during
the term to meet with me to discuss project matters and her guidance throughout the project has been
excellent.
I would also like to express my gratitude to all the staff at Limerick Main Drainage for providing
information and data regarding the plant.
I would like to thank Aidan Ware for his help in setting up the BMP testing, and for the use of the
laboratory equipment.
I would like to also thank Paul O'Callaghan for showing a keen interest in the project and for the support
over the summer months.
I would finally like to show my appreciation to my family and friends for their backing, and particularly to
Adrian Barenca for his absolute support throughout the year.

Aoife Moloney

Page V

List of Tables

List of Tables

List of Tables
Table 1: WWTP Overall Operational Expenditure for LMD 2012....................................................................10
Table 2: Sludge handling operational expenditure for LMD 2012.................................................................. 10
Table 3: Total Energy Requirements 2012 - WWTP and STC.......................................................................... 12
Table 4: Energy content of waste\A/ater (Tchobanoglous, et al., 2009) (Horan, 2011).................................. 18
Table 5: Anaerobic Digestion Inhibitory Substances List (USEPA, 2006)........................................................21
Table 6: Biogas Composition (Murphy, 2006).................................................................................................. 29
Table 7: Recommended biogas upgrading for various biogas uses (WERE, 2012) (Cao, 2011) (Wellinger &
Lindberg, 1999).................................................................................................................................................. 31
Table 8: Biogas upgrading & cleaning technologies (Moss, et al., 2013).........................................................32
Table 9: CHP Technology Summary (Lynch & Schettler, 2010) (Moss, et al., 2013) (Wiser, et al., 2012)..... 37
Table 10: Standard Requirements for Grid Injection or for VehicleFuel Utilisation....................................... 41
Table 11; CIT Health & Safety Documents........................................................................................................ 57
Table 12: Total, Fixed and Volatile Solids concentrations of substrates........................................................ 62
Table 13: Total, Fixed and Volatile Solids concentrations of reactor contents prior to digestion................ 62
Table 14: Total, Fixed and Volatile Solids concentrations of reactor contents post digestion..................... 62
Table 15: Methane production from the sludge substrates obtained from the batch test............................63
Table 16: Reactor pH results post digestion......................................................................................................67
Table 17: CBA Model Scenario 1 Development Key Outputs........................................................................... 75
Table 18: LMD WWTP Energy Requirements....................................................................................................76
Table 19: Key Financial Outputs for Scenario 1.................................................................................................77
Table 20: CBA Model Scenario 2 Development Key Outputs........................................................................... 78
Table 21: Scenario 2 Energy Requirements....................................................................................................... 78
Table 22: Key Financial Outputs for Scenario 2.................................................................................................80
Table 23: CBA Model Scenario 3 Development Key Outputs........................................................................... 81
Table 24: Scenario 3 Energy Requirements....................................................................................................... 82
Table 25: Key Financial Outputs for Scenario 3.................................................................................................83

Aoife Moloney

Page vi

List of Figures

List of Figures

List of Figures

Figure 1: Overview of LMD Site (Source: J.B. Barry & Partners Ltd.)................................................................. 5
Figure 2: Limerick WWTP Current Process Flow.................................................................................................6
Figure 3: Sludge Treatment Centre (STC) (Source: J.B. Barry & Partners).........................................................8
Figure 4: Original Design Process Layout (Source: J.B. Barry & Partners)..........................................................9
Figure 5: LMD Gas Usage December 2011 to December 2012........................................................................ 11
Figure 6: Energy Distribution of WWTP (WERF, 2009)..................................................................................... 14
Figure 7: Energy Balance.................................................................................................................................... 17
Figure 8: Anaerobic Digestion Process Stages...................................................................................................20
Figure 9: Digester Mixer Types; (a) external, pumped recirculation, (b) internal, mechanical, (c) biogas
recirculation (Appels, et al., 2008)................................................................................................................... 24
Figure 10: Single Stage High Rate Digestion (Appels, et al., 2008)................................................................... 25
Figure 11: Two Stage Anaerobic Digestion (Appels, et al., 2008).................................................................... 26
Figure 12: Two-phase Anaerobic Digestion (Kalogo & Monteith, 2008)..........................................................27
Figure 13: TPAD - Thermophilic - Mesophilic Configuration (Kalogo & Monteith, 2008)............................. 28
Figure 14: Silicon dioxide deposits on boiler tubes and piston crown (Tower & Wetzel, n.d.)...................... 30
Figure 15: Biogas Uses........................................................................................................................................36
Figure 16: Bord Gais Natural Gas Transmission System (Bord Gais , 2012).................................................... 43
Figure 17: East Bay Municipal Utility District waste acceptance and pre-treatment AD system...................50
Figure 18: Scenario 1 Process Flow - Mesophilic Anaerobic Digestion...........................................................54
Figure 19: Scenario 2: THP and MAD................................................................................................................. 55
Figure 20: Scenario 3: THP, MAD and Co-Digestion......................................................................................... 56
Figure 21: Prepared Reactor Diagram............................................................................................................... 60
Figure 22: One reactor connected to gas measurement system..................................................................... 61
Figure 23: BMP Reactor Configuration.............................................................................................................. 61
Figure 24: Weight of displaced water versus time over the digestion period................................................ 64
Figure 25: Cumulative Methane Production for the Dewatered Sludge Substrate........................................ 65
Figure 26: Displaced Water versus time............................................................................................................ 66

Aoife Moloney

Page vii

Abbreviations

Abbreviations

Abbreviations

AD

Anaerobic Digestion

ANNAMOX

Anaerobic Ammonia Oxidation

AO

Anoxic Aerobic

AS

Activated Sludge

ASP

Activated Sludge Process

AST

Activate Sludge Tank

BOD

Biological Oxygen Demand

bCOD

Biodegradable Chemical Oxygen Demand

Cal

Calorific Value

CEN

European Committee for Standardisation

CER

Commission for Energy Regulation

CF

Carbon Footprint

CHP

Combined Heat and Power

COD

Chemical Oxygen Demand

CO2

Carbon Dioxide

DO

Dissolved Oxygen

DEMO

De-ammonification system

DS

Dry Solids

EBPR

Enhanced Biological Phosphorus Removal

ELV

Emission Limit Value

EU

European Union

EPT

Enhanced Primary Treatment

FAS

Fast Activated Sludge

FC

Final Clarifier

FOG

Fats, Oil and Grease

FST

Final Settlement Tank

GBT

Gravity Belt Thickener

GHG

Greenhouse gas

GJ

Gigajoule

GWRC

Global Water Research Coalition

H2S

Hydrogen Sulphide

H2O

Water

HRT

Hydraulic Retention Time

kW

Kilowatt

kWh

Kilowatt-hour

LCA

Lifecycle Analysis

LCV

Lower Calorific Value

Aoife Moloney

Page viii

Abbreviations
LMD

Limerick Main Drainage

MGD

Million Gallons per day

MLSS

Mixed Liquor Suspended Solids

MJ

Mega joule

MW

Megawatt

MWh

Megawatt-hour

NOx

Nitrogen Oxide

NREAP

National Renewable Energy Action Plan

OD

Oxygen Demand

OM

Organic Matter

P.E.

Population Equivalent

PFT

Picket Fence Thickener

PPMV

Parts per million by volume

PST

Primary Settlement Tank

rbCOD

Readily Biodegradable Chemical Oxygen Demand

RAS

Return Activated Sludge

REFIT III

Renewable Energy Feed In Tariff

RES

Renewable Energy Source Directive

RES-E

Renewable Energy Source - Electricity

RES-H

Renewable Energy Source-Thermal

RES-T

Renewable Energy Source-Transport

RR

Resource Recovery

RRTP

Resource Recovery Treatment Plant

SEAI

Sustainable Energy Authority of Ireland

SRT

Sludge Retention Time

STOWA

Stichting Toegepast Onderzoek Waterbeheer (Dutch Foundation for Applied Water
Research)

STC

Sludge Treatment Centre

TDS

Tonnes Dry Solids

THP

Thermal Hydrolysis Plant

TN

Total Nitrogen

TP

Total Phosphorus

TS

Total Solids

TSS

Total Suspended Solids

UKWIR

UK Water Industry Research

UWWTD

Urban Wastewater Treatment Directive

VFAs

Volatile Fatty Acids

VSDs

Variable Speed Drives

VOC

Volatile Organic Compound

VSS

Volatile Suspended Solids

WAS

Waste Activated Sludge
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WEF

Water Environment Federation

WERF

Water Environment Research Foundation

WFD

Water Framework Directive

WW

Wastewater
Wastewater Treatment

WWT
WWTP

Wastewater Treatment Plant

Yr

Year
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Executive Summary
This thesis aims to explore the sustainability potential which exists in wastewater treatment plants
(WWTPs) in terms of energy, nutrients and water recovery. There is a growing requirement to consider a
more sustainable approach to WWTP management. Rising energy costs and increasing sludge
management costs are driving the need to change how these facilities operate. The current costs and
approaches are unsustainable. A myriad of other issues are increasing the pressure on WWTPs from a
global to local level, including an increasing world population, increasing urbanisation, climate change,
energy scarcity and security of supply concerns, water shortage issues, and the depletion of finite
resources such as phosphorus (P).
The literature review intended to establish the resource recovery (RR) potentials of WWTPs in terms of
energy, nutrients and water. Also the literature review set out to determine what RR options are best
suited to Limerick Main Drainage (LMD) WWTP, as the facility will be the case study element of the thesis.
It was established through the literature research phase that there are abundant RR potentials in
municipal wastewater, and that it is feasible in the main to recover these resources. It was also found that
the most appropriate RR option for LMD WWTP to focus on primarily is energy recovery via the sludge to
biogas route Anaerobic Digestion (AD). Therefore the case study element of the thesis principally focuses
on developing energy recovery scenarios for Limerick, and assessing the feasibility and sustainability of
these energy recovery scenarios.
The thesis set out to initially determine what the energy content of the sludge at LMD WWTP is. To
determine the energy content of the sludge a series of laboratory analyses were carried out on three
sludge samples from the plant namely the primary sludge (PS), thickened secondary sludge (WAS) and a
dewatered sample which contained a mix of PS, WAS and imported sludge. Firstly the sludge's were
characterised, and the total solids (TS), fixed solids (FS) and volatile solids (VS) content of the sludge was
determined. In terms of the VS content; it was found that the PS, WAS and dewatered sludge mix
contained 81.69%, 82.85% and 81.17% VS respectively. Secondly the sludge's were anaerobically digested
in 1000 ml reactors under mesophilic conditions for a period of 30 days to ascertain their biomethane
potential (BMP). It was found that the biomethane potential of the dewatered sludge mix was 206 L
CFiVkg VS and 167 L CFl4/kg of substrate.
The main priority and focus of the thesis was to establish the most financially viable energy recovery
scenario for LMD compared to the current unsustainable situation at the plant, where no energy recovery
occurs. To that end a set of scenarios were developed to compare and contrast within the life cycle cost
benefit analysis (CBA) model which was also developed. The three scenarios outlined below were
developed and decided upon based on extensive research into available technologies for sludge to biogas
applications in Chapter 4.0.
•

Scenario 1 - Investigates the installation of a mesophilic AD facility (MAD) at LMD WWTP. As MAD
does not completely destroy pathogens, scenario 1 includes the continued operation of the drier
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to ensure the production of a Class A biosolid. The biogas applications explored are digester
heating only, CHP and direct gas grid injection.
•

Scenario 2 - Considers the installation of a thermal hydrolysis (TH) pre-treatment facility prior to
the MAD facility. As the TH pre-treatment yields a Class A product, scenario 2 can assume that the
drier operation is no longer required. The biogas applications considered are digester heating only,
CHP and direct gas grid injection.

•

Scenario 3 - Investigates the installation a THP plant prior to the MAD facility as in Scenario 2, with
the addition of co-digestion with substrates such as food waste and FOGs. As in scenario 2 it is
assumed that the drier operation is again not required and the biogas applications examined are
digester heating only, CHP and direct gas grid injection.

The economic model developed assesses each scenario in terms of CHP energy, expenditure and
economics. Key economic metrics such as discounted payback, net present value (NPV), benefit to cost
ratio (BCR), and internal rate of return (IRR) are utilised to assess the financial viability of each scenario.
Once all the information regarding the scenarios is inserted into the model, the economics summary tab
yields the CBA model results.
If the discounted payback is less than 10 years, the model recommends that the project should be
accepted, however if the result is more than 10 years, the model recommends that the project should be
rejected. If the NPV is positive the model recommends the project should be accepted, however a
negative result means the model will indicate that the project should be rejected. If the BCR is more than 1
then the model recommends the project should be accepted, and if the result is less than 1 the model
recommends the project should be rejected. Finally if the IRR is greater than the discount rate then the
model indicates that the project should be accepted, if the IRR is less than the discount rate then the
model indicates the project should be rejected.
It was found that scenario 1 was the least sustainable and least economically attractive scenario. The
discounted payback results indicated that the project would never payback. The NPV results were for the
digester heating only, CHP and grid injection applications were all negative at € -13,238,159, € -13,843,911
and € -18,131,394 respectively. The undesirable discounted payback results combined with the negative
NPVs resulted in the model indicating that the project should be rejected.

Installing MAD in conjunction

with the existing drier is not a viable option for LMD WWTP.
Scenario 2 CBA model results were more positive than scenario 1. The THP process resulted in an increase
in VS destruction thus resulting in an increase in biogas production, and a reduction in the digester
capacity. Also the energy requirements reduced due to the fact that no drier was considered. It was found
that using the biogas for digester heating only was uneconomical. However both CHP and direct gas grid
injection results indicated that this scenario is financially feasible. The CHP option resulted in a discounted
payback of 9.23 years, compared to the grid injection discounted payback of 10.69 years. The NPV result
for the CHP and direct grid injection options were € 3,364,740 and € 3,277,595 respectively. The BCR was
2.00 for the CHP option, and 1.75 for the grid injection option. Finally the IRR for the CHP and grid
injection options were 15% and 13% respectively. As the CHP biogas application performed better
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considering all of the key metrics, it can be said that for scenario 2 the CHP application is the most
financially viable option.
Introducing food waste and FOGs through co-digestion practices as proposed in scenario 3 improved the
biogas yields and increased energy production. It was found that scenario 3 is the most financially viable
option overall and also that it results in a net energy producing WWTP, thus scenario 3 is also the most
sustainable option. In more detail however, the CBA highlighted that using the biogas for digester heating
only was uneconomical. However CHP and direct gas grid injection applications yielded very positive
results. The CHP option resulted in a discounted payback of 5.84 years, compared to the grid injection
discounted payback of 4.79 years. The NPV result for the CHP and direct grid injection options were €
7,658,926 and € 13,417,019 respectively. The BCR was 3.09 for the CHP option, and 3.73 for the grid
injection option. Finally the IRR for the CHP and grid injection options were 23% and 27% respectively. As
the direct grid injection application performed better considering all of the key metrics, it can be said that
for scenario 3 the direct grid injection application is the most financially viable option.
Finally the thesis intended to briefly explore the development of an energy RR template which could be
used within the WWT Industry to guide plant operators and managers through the preliminary stages of
developing an energy RR plan. It is anticipated that the template could act as a tool to initiate energy
bench marking and process optimisation techniques. The template attempts to establish the plants
electrical energy consumption baseline according to established European energy key performance
indicators (KPIs). The electrical energy consumption initial baseline KPIs determined for Limerick WWTP
were 0.42 kWh/m^ and 36 kWh/P.E./yr which are slightly higher than the Austrian standards and targets
set for this template of 0.30 kWh/m^ and 23 kWh/P.E./yr. A series of energy consumption reduction
techniques were applied to the initial baseline and the improvements were then applied to the energy
KPIs. The new electrical energy consumption KPI results for LMD WWTP were found very comparable to
Austrian standards at 0.30 kWh/m^ and 0.25 kWh/P.E./yr.
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1.0 Introduction
This thesis focuses on the essentials of wastewater treatment (WWT) RR; particularly energy, nutrients
and water recovery. The literature review provided a broad overview of RR possibilities in WWTPs, with
specific examples of sustainable technologies and net zero energy WWTPs highlighted. The principal
drivers which are motivating and driving change in this area were also probed.
It was found that there are numerous key drivers which are influencing RR. These drivers were deliberated
in detail; principally in terms of energy, nutrients and water. These drivers are shaping a global swing from
WWT to RR fundamentals, and there is a resultant paradigm shift from 'waste treatment' to 'resource
recovei^'. Growing global populations are putting increasing pressure on energy, nutrients and water
resources. Increased climate change concerns, GHG emissions, increasing energy consumption, and
increasing operational costs in municipal WWTPs are motivating change in terms of improving WWTP
operations.
The literature review also established that legislation, directives and national targets are encouraging
changes on a region by region basis. Initially WWT legislation focused primarily on water quality; however
it is evident now that the legislation is more focused on all aspects of WWT including energy, sludge
management, and increased sustainability. For example; the Renewable Energy Source Directive (RES)
(2009), which aims to increase the availability of energy from renewable sources and reduce greenhouse
gases (GHG), lists sewage sludge as 'energy from a renewable source' in Article 2. The directive also sets
out gross final energy consumption mandatory targets for each member state, with an ED target of 20%.
Article 4 of the RES Directive also states that each member state should adopt a National Renewable
Energy Action Plan (NREAP) which sets out national targets for the portion of energy from renewable
sources consumed in electricity (RES-E), heating (RES-H) and transport (RES-T) by 2020. Irelands NREAP
outlines the government's approach to meet Irelands 16% RES Directive gross final energy consumption
target. The national targets under the NREAP range from an RES-E target of 40%, to an RES-H target of
12% and a RES-T target of 10%. WWTP anaerobic digestion (AD) biogas production subsequently utilised in
a CHP plant can contribute to our national RES-E target of 40%. Biogas cleaned and upgraded could also be
utilised to meet a portion of the RES-T or RES-H targets also.
All of the major water research foundations worldwide are concentrating on RR in WWT also, and their
strategic goals and policies highlight this. For example; the Global Water Research Council (GWRC) states
that their future goal for water and WWT is "an energy and carbon footprint neutral urban water cycle by
2030" (Global Water Research Council, 2008), the Dutch research group STOWA have developed a
roadmap for the WWTP of the future based on a resource approach as opposed to a waste approach,
where WWT management becomes a balanced resource management facility in terms of energy, nutrients
and water (STOWA, 2010). However perhaps the most appropriate and accurate policy statement to sum
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up WWT RR is from the Water Environment Federations (WEF) 2011 policy, whose policy statement
outlines the following; "WEF support a comprehensive approach to wastewater treatment and solids
management that ensures the recycling and recovery of valuable resources including energy, nutrients and
water."
The literature review recognised that there are abundant RR potentials in WW, and that it is feasible to
recover energy, nutrients and water from WW. In terms of energy recovery it was found that the sludge to
biogas route is the most common and financially viable. It was emphasised that when exploring the
potential for energy recovery, that investigation into the net energy balance in WWTPs is essential. It was
found that nutrient recovery facilities, particularly Phosphorus (P) recovery facilities, are in the main not
economically viable at present; however this may change rapidly once the mineral P stocks go into decline.
WWTP water reuse is carried out widely to meet internal process requirements; and where effluent is
upgraded for other external purposes, it was found the most common use for effluent water presently is
agriculture and intra urban non potable uses.
Given that the case study element of the thesis is based on LMD WWTP, and as such LMD WWTP is
therefore the focal point of this entire project, the literature review also assessed what was the most
appropriate RR option for LMD WWTP in terms of energy, nutrients and water recovery. On completion of
the literature review it was decided that, as LMD WWTP had no energy recovery facility onsite, and given
the abundant energy available in WW that the pivotal priority and most appropriate initial RR decision for
the plant is energy recovery.
The thesis case study element on LMD WWTP will primarily focus on energy recovery possibilities. A set of
scenarios will be developed to assess various energy generation possibilities and subsequent biogas uses.
A series of laboratory tests will be completed to characterise the sludge's from LMD WWTP in terms of
their total solids, fixed solids and volatile solids content. Once the sludge has been characterised it is
planned to complete a series of BMP assays to assess the actual energy content and methane potential of
the sludge from LMD WWTP. A detailed life cycle CBA will be completed based on the scenarios developed
to ascertain which energy generation option and biogas use is the most financially viable for the plant.
Finally preliminary investigations into the development of an energy RR template will be carried out. The
template will be designed to serve as an energy RR guide for WWTP managers and operators. The
template will establish energy bench marking and process optimisation best practices. It is anticipated that
the template will with further development assist in scalability of the RR plan within the WWT industry.
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2.0 Project Realisation Methodology
This project set out to address 5 main research questions which are listed as follows:
1.

What are the Resource Recovery (RR) potentials of WWTP's in terms of nutrients, energy, and
water recovery?

2.

What

overall

RR

option(s)

are

best

suited

to

LMD

WWTP

in

terms

of

3.

What is the energy content of the sludge at LMD WWTP?

4.

What is the bottom line from the cost benefit analysis of comparing RR option(s) to the current

energy, nutrients and water recovery?

unsustainable situation at LMD WWTP?
5.

What is the best template for scalability and transferability of the RR plan within the industry?

The literature review addressed research questions number 1 and 2. The RR potential of WWTPs in terms
of energy, nutrients and water were discussed in detail, and provided a solid knowledge base to answer
research question 1. It was found that there are plentiful RR potentials in municipal WW, and in the main
it is feasible to recover these resources.
In terms of energy RR technologies, it was found that the 'sludge to biogas' route of anaerobic digestion
(AD) is the most common and economical approach. In terms of nutrient RR technologies, it would appear
that the technologies without aggressive chemical addition are preferred. Finally, effluent water reuse is
carried out extensively to meet internal process requirements at WWTPs.
The knowledge gained from the literature review also facilitated in addressing research question number
2. It was found that the most appropriate initial RR route for LMD WWTP is energy recovery; particularly
considering that there is no energy generation currently onsite and given the ample energy in WW. As
final effluent water is reused onsite at present to meet a portion of the internal process requirements, it
was decided that water recovery was not a priority RR option to be investigated further for this project.
Nutrient recovery also was not deemed a priority RR option to be investigated in this project; however this
may become more important in the future as the P stocks decline.
Research questions 3, 4 and 5 will be addressed in this project realisation phase of the thesis. This thesis
will consider and attempt to answer all of these questions.
Chapter 3.0 provides a brief overview of the LMD plant and its current process operations, operational
expenditure and energy usage. Laboratory analysis will be undertaken to obtain the BMP of the sludge's
from LMD WWTP. The lab procedures and results can be found in Chapter 6.0, thus addressing research
question number 3.
A comprehensive CBA will be carried out on various energy recovery scenarios to ascertain the most cost
effective scenario for LMD WWTP. It was decided in the literature review that AD is the most suitable
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technology for sludge stabilisation and energy recovery at LMD. Chapter 4.0 focuses on the scenario
development; the AD process is explained in detail and the various technologies which could be employed
to clean and utilise the biogas, the utilisation routes, and process enhancement techniques are all
considered. Chapter 5.0 concisely outlines an overview of the scenarios which will be assessed in the CBA
model. The CBA model layout and its results are discussed in detail in Chapter 7.0, thus addressing
question number 4.
Chapter 8.0 details the initial design stages of the energy RR template model, which can be used to assist
in the initial energy benchmarking process and process optimisation, thus addressing research question
number 5. Finally Chapter 9.0 provides a brief conclusion of the overall project to succinctly summarise the
projects key findings.
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3.0 Limerick Main Drainage
3.1 Existing Plant Process
Limerick Main Drainage (LMD) treats municipal wastewater (WW) from Limerick City and environs. The
plant has been in operation since 2004, and operates for a design P.E. of 130,000 and a design organic
loading of 7,800 kg/BOD/d. The sludge treatment centre (STC) has a design capacity of 4,500 TDS/yr, and
in 2012 the STC processed 4,212 TDS/yr. The LMD facility also serves as a sludge hub for Limerick County.
An aerial overview of the site is presented in Figure 1 and a process flow diagram is presented in Figure 2
below.

Figure 1: Overview of LMD Site (Source; J.B. Barry & Partners Ltd.)

The first stage in the treatment process is preliminary treatment; whereby the wastewater undergoes
screening and grit removal at the inlet works area. Two fine screens remove inorganic material, large
solids and debris, and then the grit is removed by two circular grit traps. The screenings are macerated and
then pumped to a screenings skip, and the grit is pumped to a separate grit skip. Both the screening and
grit skips are then disposed offsite. The grit is pumped to skips for disposal off-site. The WW flow is then
split and distributed through four primary settlement tanks (PST) where the primary settlement stage
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occurs. The primary sludge settles to the bottom of the tanks and is subsequently pumped via primary
pumps to the sludge treatment centre (STC) for further treatment. Based on plant process results,
approximately 50-60% of the solids are removed during the primary treatment stage.
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The clarified primary effluent or "settled" WW is then conveyed for secondary biological activated sludge
(AS) treatment. The WW then flows into the anoxic zone of the aeration tanks. The aeration tanks, where
biological treatment occurs, have a total capacity of 14,205m^. The microorganisms present then work to
breakdown and digest the organic matter (OM).

The heterotrophic microorganisms initially work to

breakdown the readily biodegradable organic matter (rbCOD) or the biodegradable chemical oxygen
demand (bCOD). Following this, nutrient removal takes place in the form of nitrification and
denitrification.
Nitrification occurs firstly where ammonical nitrogen is converted into nitrite by Nitrosommas bacteria,
followed by nitrite being converted into nitrate by Nitrobacter bacteria in the aeration tank. Recirculation
pumps then recirculate the mixture to the front of the anoxic tank where denitrification occurs. Here the
nitrate is converted and finally nitrogen gas is liberated into the air. The system is set up as an anoxic
aerobic (AO) nutrient removal system, whereby the anoxic zone is front loaded or essentially in front of
the aerobic zone. The reason for this is that the anoxic bacteria require a carbon source to survive
therefore as the WW flows through this tank first the carbon source is readily available.
After a sufficient hydraulic retention time (HRT) the biomass mixture (Mixed Liquor Suspended Solids
(MLSS)) is conveyed on to the final settlement process which occurs in the final clarifiers (FC) or final
settlement tanks (FST). The biomass is then separated from the now treated wastewater. A portion of this
settled sludge, termed Return Activated Sludge (RAS), is returned to the biological phase to maintain an
optimum MLSS concentration. The remaining portion of settled sludge termed waste activated sludge
(WAS) and this is pumped to the STC for further treatment.
Finally the treated wastewater, which now meets the standards required by the Urban Wastewater
Treatment Directive (UWWTD) as well as ERA discharge licence emission limit values (ELV), is discharged to
the Shannon Estuary through a 900mm diameter pipe to the outfall 1.1 km away. A portion of the final
effluent water is reused onsite for washing of the screens, spray bar wash water for the gravity belt
thickeners (GBTs), centrifuges, and mixing of storm water overflow before discharge.
As already discussed, the end products of the primary and secondary biological stages of the WWT process
is a sludge which requires further treatment in the STC (See Figure 3). The sludge's are a concentrated
suspension of solids, composed of organic matter and organic solids containing nutrients. The STC also
accepts imports of cake and liquid sludge's from external sources, such as smaller WWTP in the Limerick
County area in accordance with the county sludge waste management plan.
The STC has a design capacity of 4,500 tonnes of dry solids per year (TDS), which takes into account sludge
produced onsite and offsite (imported sludge's). The onsite portion accounts for approximately 3,750
TDS/yr which equates to approximately 83% of the solids. The imported sludge then accounts for
approximately 17% of the sludge to be treated at the STC.
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Figure 3: Sludge Treatment Centre (STC) (Source; J.B. Barry & Partners)

Prior to final thermal treatment the sludge goes through a series of dewatering and thickening phases; the
primary sludge (3-4% DS) is thickened in the picket fence thickeners (PFTs). The imported sludge's are
accepted, screened and then mixed in to the sludge holding tanks with the primary sludge prior to
thickening. The WAS thickening is completed in the GBTs. All of the sludge's are stored in the thickened
sludge tank prior to dewatering. The centrifuges then dewater the sludge to produce a cake (20 -23 % DS).
This cake can then be either dried onsite using the thermal drier which completes the treatment process
to produce a Class A biosolid which is then transported offsite and stored prior to land spreading, or the
cake can be transported and lime stabilised offsite prior to land spreading.
The thermal drying process removes pathogenic bacteria and the end product - the biosolid, has a
moisture content > 92%. The dewatered sludge is dried in a rotating drum in a stream of hot air. The air
temperatures at the inlet are approximately 545 ° C with the biosolid exiting the dryer at temperatures >
80 ° C. The high temperature and residence time conditions in the drier result in pathogen destruction.
Therefore the biosolid can be classified as a Class A product as described in the Code of Good Agricultural
Practice for the use of Biosolids in Agriculture (Fehlly Timony & Company, 1999). Class A biosolids, as a
pasteurised product are safe to use as a fertiliser on lawns, gardens, horticulture, agriculture and forestry.
At present the biosolids from LMD are transported offsite and stored until land spreading on agricultural
land takes place. The biosolids act as a good soil conditioner containing nutrients such as Nitrogen (N) and
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Phosphorus (P) and other trace elements for plant growth. WW from the STC processes are returned to
the inlet works of the WWTP to undergo full treatment prior to discharge.
With regards to RR, and as previously highlighted in the literature review, LMD has no facility for energy
generation onsite; there are no specific technologies for nutrient recovery. A portion of the final effluent
water is reused onsite for washing of the screens, spray bar wash water for the GBTs, centrifuges, and
mixing of storm water overflow before discharge. Further opportunities exist for final effluent reuse here
with regards fire hydrants, wash water hoses on site and polyelectrolyte make-up.
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Figure 4: Original Design Process Layout (Source; J.B. Barry & Partners)
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3.2 Existing Operational Expenditure
Operational expenditure for the entire WWTP and sludge treatment centre (STC) was assessed for this
project including electricity, gas, water, operational and maintenance costs, sludge disposal management
and labour. It is estimated that 'other costs' such as bonds, insurances, joint venture (JV) costs, director's
fees and asset depreciation account for approximately 15% of the overall site operational expenditure.
The total cost of operating the plant in 2012 was approximately €2,354,137. Table 1 below exhibits the
breakdown of the operational expenditure included in this study.
Item

Euro

Electricity
Gas
Water
0 & M Cost
Sludge Disposal
Labour
Other Costs

561,097
358,349
27,629
250,000
350,000
500,000
307,061

Total Euro

€ 2,354,137

Table 1; WWTP Overall Operational Expenditure for LMD 2012

As the total operational expenditure includes both the WWTP and the STC including drier operation, it was
necessary to divide up the two operations to get a clear picture of exactly how much is being spent on
sludge management only; from treating the primary, WAS, and imported sludge's to produce a Class A
biosolid and/or a cake (which requires further lime stabilisation treatment), including transportation,
storage and land spreading.
If the STC costs are broken down and itemised individually as indicated in Table 2 below the total sludge
handling costs amount to €1,217,856 which is approximately 52% of the overall operating costs. This
figure is in good comparison with figures published in a study by Spinosa in 2011. Spinosa estimated that
sludge handling costs can account for up to 50% of the total overall operational expenditure of a WWTP
(Spinosa, et al., 2011). When this figure of 50% is applied to the Limerick overall operational cost data
above, the result is an approximate sludge handling figure of €1,177,068 per annum.
Item

Euro

Electricity

Other Costs

56,110
358,349
24,866
125,000
350,000
150,000
153,531

Total Euro

€ 1,217,856

Gas
Water
0 & M Cost
Sludge Disposal
Labour

Table 2: Sludge handling operational expenditure for LMD 2012
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Further analyses of the LMD 2012 expenditure figures demonstrate that the electricity sludge handling
costs are minimal in comparison to the WWTP process electricity costs. As the majority of WWTP
electricity consumption is attributable to the AS aeration process (~60%) and pumping (~12%) (WERF,
2009), it is estimated that sludge handling accounts for in the region of 10% of the overall electricity costs
as evident in Table 2.
The drier operation is an extremely energy intensive and inefficient process \which utilises large quantities
of natural gas. Based on plant operational data and gas utilisation figures it can be said that the drier
accounts for the majority of natural gas use onsite. Figure 5 below indicates a large drop off in gas usage,
down to approximately 130,000 kWh per month during June and July 2012. According to plant staff the
drier was shut down during this period for planned maintenance. The graph exhibits that when the drier is
off gas requirements plummet. The consumption did not fall to zero kWh as the drier did run for a short
period at beginning of June, and was on again towards the end of July. It can be said that space heating
requirements are minimal. It is accepted in this case that the drier consumes 100% of the gas utilised
onsite.

Gas kWh/month
1,400,000

1,200,000
1,000,000
800,000

•Gas
kWh/month

600,000
400,000
200,000

0
V

.,v

v'V

.T

n''

>

Figure 5: LMD Gas Usage December 2011 to December 2012

The majority of potable water consumption onsite is utilised for polyelectrolyte preparation for the
dewatering processes and for the service buildings. Final effluent water is re*used for all other water use
purposes onsite. For this reason it is assumed that sludge handling consumes 90% of the potable water
onsite. As there is no exact figure available for exact sludge handling O&M costs, the sludge handling O&M
cost below is based on the Spinosa study. Therefore it is assumed that sludge handling accounts for
approximately 50% of the overall O&M costs.
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The sludge disposal cost accounts for the full cost of disposing the sludge; including transportation,
storage, soil testing, nutrient management planning, and land bank acquisition. This is a total figure for
sludge management based on a one year period. Taking into account the quantities of sludge disposed in
2012, this overall figure breaks down to a unit disposal cost of approximately C35/TDS. Labour costs are
estimated based on the current number of employees who are solely dedicated to operating the STC in its
current capacity; i.e. three employees with an average cost to the employer of €50,000.
As is evident from Table 2 above, the dominant overheads associated with sludge handling at LMD are
energy costs associated with drier operation, followed closely by sludge disposal costs which include
transportation, storage and land spreading of the lime stabilised cake and Class A biosolid.

3.3 Existing Energy Requirements
As is evident from the above figures, and Table 3 below, the largest energy consumption onsite is natural
gas which is attributed to the drier operation. As already mentioned it is estimated that the drier
consumes 100% of the gas utilised onsite. Figure 5 above exhibits gas usage expressed in kWh/month over
a one year period. The drop off in usage in the period of June/July 2012 can be attributed to planned
downtime for drier maintenance according to plant staff. The electricity usage is, in the main, associated
with the WWTP process, particularly the AS process and pumping. It should be noted that IkWh is
equivalent to 3.6 MJ or 0.0036 GJ.
Item
Electricity kWh/yr
Gas kWh/yr
Total kWh/yr
Electricity kWh/d
Gas kWh/d
Electricity GJ/d
Gas GJ/d
Total GJ/d

Data
4,643,377
9,473,112
14,116,489
12,722
25,954
46
93
139

Table 3: Total Energy Requirements 2012 - WWTP and STC

3.4 Summary
Gas utilised for drier operation is a large expense accounting for approximately 34% of the overall sludge
handling bill. This is followed by sludge disposal costs which account for approximately 33% of the overall
sludge handling costs. However as identified and highlighted in the literature review, there is abundant
energy in sludge. Therefore it is very clear that wasting all this energy to dry the biosolids, for ultimate
land spreading, whilst not recovering any energy, is an extremely counterproductive process. This is the
primary motive behind this project. The main body of work including the CBA in Chapter 7.0 of this project
will focus on RR in terms of energy in its entirety; from reduction practices to production optimisation.
Chapter 4 focuses on energy reduction and generation techniques and the development of scenarios for
LMD which will be used in the CBA model which follows in Chapter 7.0.
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4.0 Scenario Development
4.1 Overview
Following on from the literature review, and having considered WWTP RR possibilities in terms of energy,
nutrients and water reuse, it was found that the most pertinent issue for LMD WWTP to focus on initially
is energy. Therefore the scenario development and life CBA analysis which will follow will primarily focus
on energy generation and recovery. The core focus of this thesis will consider energy generation and
optimisation.
The scenario development which follows provides information on the sludge stabilisation and energy
generation technology AD, which was chosen as the most suitable technology for LMD WWTP. The AD
process and its intricacies and the varying types of AD available are described. The valuable by-product,
the biogas is described in terms of its composition, cleaning requirements, and its ultimate end- uses.
Direct bio-methane grid injection is considered as an alternative to the conventional biogas CHP utilisation
technology. Approaches to increase biogas yields including pre-treatment technologies and co-digestion
methods are also discussed.
At the end of each section within this Chapter; a particular technology or method will be highlighted as
being the most suitable option for LMD WWTP, and the reasons for choosing the technology will be
justified. The chosen technology will be assessed in the CBA model to ascertain the most cost effective
energy generation scenario for LMD WWTP.
As previously mentioned in the literature review it is prudent for any WWTP management and operational
team when considering energy in its entirety; to concentrate on efficiency optimisation and reducing
energy consumption prior to investigating energy generation. Therefore Section 4.2 will highlight energy
usage at a WWTP and briefly encapsulate possible energy reducing procedures or technologies which
could be investigated further or employed to reduce consumption, particularly at LMD WWTP.

4.2 WWTP Process Energy Demand Reduction
As is evident in Figure 6 below the largest energy consuming process in the WWTP is the activated sludge
(AS) aeration process accounting for approximately 60% of the overall energy consumption (WERF, 2009).
Therefore when considering process energy demand reduction the most practical place to start is to
investigate the AS process. Other methods to decrease energy consumption include innovative side
stream returns, low energy treatment technologies, improved decentralised screening techniques and
mechanical and electrical equipment efficiencies. These methods were discussed in detail in the literature
review and are summarised (if applicable to LMD) below.
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Figure 6; Energy Distribution of WWTP (WERF, 2009)

4.2.1 AS Aeration Demand Reduction at Limerick Main Drainage
; Aerobic AS processes utilise enormous quantities of air, consequently consuming high energy. The
i quantities required and utilised depend on the following characteristics:

I
!

•

I

I

I
I

The oxygen demand (OD); the microorganisms present which break down the organic matter,
require oxygen to break down the bCOD and for nutrient removal e.g. nitrification.

•

Sludge Retention Time (SRT); a high SRT results in low sludge yields and higher aeration
requirements.

•

Aeration Efficiencies in terms of equipment and SCADA control philosophies.

I Typically the air supplied to an AS system is higher than the actual OD. Techniques to optimise this process
I and to reduce that difference between supply and demand can be employed resulting in a more efficient
I system (Cao, 2011). As detailed in the literature review aeration energy savings can be achieved as
follows:
•

Choose an efficient system such as fine bubble diffuse aerators which supply more air, and offer
more surface area allowing greater oxygen transfer. Diffuse aerators have been reported to
reduce energy consumption by approximately 10% (Pakenas, 1995). LMD has diffuse aeration in
place therefore this measure is not required.

•

Variable speed drives (VSDs) for positive displacement air blowers used in combination with
online DO sensors to control the actual amount of air required allow for dynamic control of the
dissolved oxygen (DO). VSDs allow for maximum energy efficiency. LMD has VSDs and online DO
measurement so that the blowers ramp up and down and provide air according to the DO
measurement therefore this measure is not required.
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As LMD do not have online ammonium (NH4-N) sensors it is recommended that these sensors be
installed to offer enhanced aeration control. If these sensors were installed in conjunction with
the DO sensors, the blowers could provide only the exact amount of air for the 'bugs' to
breakdown the bCOD and NH4-N, but not over aerating so as to provide air unnecessarily or for
the microbes own endogenous phase. As the DO probes digital controllers installed at LMD have a
plug in option for another probe such as ammonia probe this could be upgraded and installed at
LMD for enhanced sensor based controlled. Pakenas reported 30% savings through such sensor
based dynamic control mechanisms.
Finally aeration energy consumption could be reduced by using a sensor based intermittent
aeration approach. With appropriate controls in place this method has resulted in energy savings
in Strass WWTP (Wett, 2007). As this is not currently done at LMD this could be investigated at
the plant also.

4.2.2 Innovative Low Lnergy Treatment Technologies
There is a potential to reduce process energy consumption by effectively changing the treatment process
from an AS high energy usage aeration system, to an anaerobic microbial system. As detailed in the
Literature Review some such systems yield substantial energy savings when either employed directly to
treat ammonia rich side stream returns from AD, or indeed to treat the full WWTP main stream. The
following innovative systems exist.
Anaerobic Ammonia Oxidation known as ANNAMOX is a system where the Annamox bacteria are
autotrophic, anaerobic, ammonia oxidising microbes which oxidise ammonia directly to nitrogen gas, by
using nitrite as an electron acceptor and carbon dioxide as an energy source (Cao, 2011). A system termed
De-ammonification system or DEMON is also available. Developed in Innsbruck University, this process
involves oxidation of a portion of the ammonia to nitrite by nitrifying bacteria. Then the deammonifying
bacteria utilise nitrite and the remaining ammonia to produce nitrogen gas. The DEMON process allows
both nitrifying and deammonifying bacteria to co-exist in a single reactor, even though each bacteria
exhibit very different growth demands.
If these processes were to be used on a larger scale to treat the entire main stream WWTP load (where
the COD load is pre-treated marginally before being sent to AD to maximise conversion of C to CH4), there
would be no aeration costs. This could be a radical revolution in WWT. Research is ongoing to determine
whether these processes can be scaled up cost effectively to treat the main stream load; thus providing an
energy efficient, cost effective, replacement for the aerobic AS system. However issues such as long start
up times (as bacteria are extremely slow growers), temperature sensitivity, and lack of operational
experience need to be addressed at the outset (Wett, 2007). However one of these processes could be
considered for side stream returns initially for LMD, following installation of an Anaerobic Digester.

4.2.3 Mechanical and Electrical Equipment Efficiency
Considering other high energy using equipment on site e.g. pumping and mechanical equipment, it is
important to adopt and use high efficiency equipment to guarantee maximum energy savings. As assets
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reach their lifetime or as replacements are required at LMD, it is recommended that all new equipment
required onsite have low energy requirements and high operational efficiencies. It is recommended that
electrical drives and pumps are selected in place of hydraulic systems, VSDs should be used for pumps
where possible, and high efficiency motors, pumps and blowers should be used to maximise efficiencies
onsite. These efforts will reduce energy consumption and return savings on operational expenditure as
they are implemented over time.
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4.3 Energy Generation
Having assessed and considered process energy reduction techniques in the WWT process, it is now
necessary to evaluate the other side of the energy balance; energy generation as per Figure 7 below.

Energy Generation

Energy Reduction

Anaerobic Digestion
(AD)

Sensor Based Control

AD + Pre-traatment

Ammonia Probes
Control

AD + Pre -treatment +
Codigestion

▲
Figure 7: Energy Balance

Given the significant energy resource within WW there is an abundant potential to produce energy. Energy
in WW can exist in the form of chemical, thermal, and hydraulic (kinetic and potential) energy, and the
total energy typically equates to 2 - 4 times the energy required to treat the treat the wastewater
(Tchobanoglous, et al., 2009). In some cases the energy content can be as high as ten times the energy
required to treat the wastewater (WERE, 2012).
The chemical or calorific energy is the energy content which is stored in the organic constituents within
the WW. The thermal energy equates to the heat energy in the WW, which is controlled by the
temperature of the WW. Heat exchangers and heat pumps can be utilised to recover low-grade heat
energy from the incoming WW, which can be used to meet a portion of the building and process heat
demands. The hydraulic energy is the energy from the movement of the water (WERF, 2011) (Moss, et al.,
2013). Low head turbines on gravity flow can be used to convert the kinetic energy into electricity (WERF,
2012). However, the chemical and thermal energy embedded in the wastewater are much greater than
the hydraulic energy in most cases, and the latter is rarely utilised.
Table 4 below exhibits the typical chemical energy content of wastewater. The table has been adapted
from work by Tchobanoglous and subsequently Horan to include the approximate energy value in kWh. It
should be noted that 1.0 MJ = 0.278 kWh. The embedded chemical energy has been reported to be up to
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6.3 times the energy required for treatment, although the reported values range from 0.4 up to 6.3. In
many cases, recovering the chemical or calorific energy alone is sufficient to achieve energy neutrality
(Moss, et al., 2013).
Source
Chemical Oxygen Demand (COD) in WW
Chemical Energy in WW, COD basis
Chemical Energy In WW, dry
Chemical Energy In primary sludge, dry
Chemical Energy in secondary sludge.
dry
Chemical Energy in biosolids, dry

250-800
mg/I
12-15
MJ/kg COD
3.2
MJ/kg TS
15-15.9
MJ/kg TS
12.4-13.5
MJ/kg TS
12.7
MJ/kg TS

Value

Value
MJ/kg VS

kWh/kg VS

N/A

N/A

N/A

N/A

26.6

7.4

23.7
(Based on 15.9)
20.6
(Based on 12.4)
24.9

6.6

Value Range

5.7
6.9

Table 4: Energy content of wastewater (Tchobanoglous^, et al., 2009) (Horan1, 2011)

As outlined in the literature review WWTP sludge can be treated and energy generated via the
biodegradation route i.e. anaerobic digestion (AD), or via the thermal conversion route with techniques
such as incineration, gasification and pyrolysis. Having assessed all of the above routes in the literature
review in terms of the technology theory, advantages, disadvantages and utilisation in WWTPs, it was
decided that the most appropriate conventional technology for energy production and sludge stabilisation
for LMD WWTP is AD.
The following sections will review the fundamental principles and parameters of AD including an in-depth
process description, the varying types of AD, operating parameters and resultant biogas yields and uses.
The latter part of this section will detail pioneering pre-treatment methods to hasten the digestion process
and increase biogas yields through augmenting the rate limiting hydrolysis stage. Co-digestion practices to
optimise performance and boost biogas yields will also be explored.

4.3.1 Anaerobic Digestion
AD is a widely used, conventional, sludge stabilisation technology which biodegrades organic matter to
produce energy. AD has been used in WWTPs for decades, and with a long history there exists years of
operational experience and learning. Research and trials are ongoing today to continually attempt to
optimise the process and to enhance biogas production.
The AD process essentially involves the sludge and other feedstock's going through a biological
degradation process which is completed by anaerobic bacteria in the absence of molecular oxygen. The
end products of the AD process are a biogas which is composed primarily of methane (CH4), carbon
dioxide (CO2), hydrogen sulphide (H2S) ammonia (NH3) and moisture; and a digestate which contains
nutrients which can be utilised as a fertiliser.
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AD is a very complex and delicate 4 stage metabolic process; which involves hydrolysis, acidogenisis,
acetogenisis, and methanogenisis as is evident in Figure 8 below. The process involves several bacterial
groups each of which have their own optimal survival and working conditions.
The first stage in the process is hydrolysis. It occurs when complex organic matter such as proteins,
carbohydrates, fats and lipids are hydrolysed by extracellular enzymes (excreted by fermentative bacteria)
to produce simpler, more soluble organic products such as amino acids, simple sugars, and long chain fatty
acids respectively (Polprasert, 2007). Hydrolysis is carried out by acidogenic bacteria; the fermentative
bacteria act as a catalyst and hydrolytic bacteria complete the hydrolysis step. Hydrolysis is considered as
the rate limiting step, and is dependent retention time, pH and temperature (Horan, 2011).
Acid formation or acidogenisis takes place when the dissolved compounds in the fermentative bacteria
cells i.e. long chain fatty acids and sugars are converted into more simple short chain fatty acids, alcohols,
NH3, H2, and CO2 (Polprasert, 2007). Acetogenisis happens when the short chain fatty acids are converted
into acetate, H2 and CO2. H2 is a by-product of bacteria metabolism, however it can poison the
environment; thus these bacteria need to work with other trophic groups e.g. H2 reducing bacteria to
maintain a healthy environment.
Methanogenisis or methane formation is completed in the final stage by the methanogenic bacteria.
These bacteria are strict anaerobes. Aceticlastic bacteria use acetic acid and methanol to produce
methane. However these bacteria are inefficient in acetate uptake, therefore exhibit slow doubling times
(Turovskiy & Mathai, 2006). These bacteria produce approximately 70 % CH4. Hydrogenophilic bacteria use
CO2 and H2 to produce methane. These reduce H2 concentrations within the system; therefore they are
good for the acetogenic bacteria as an efficient uptake of H2 can lead to fast doubling times.
Methanogenic bacteria regulate and neutralise the pH of the digestate (Polprasert, 2007).
There also exists a 4'^ trophic group in the AD process which are the homoacetogenic bacteria. This group
of bacteria are H2 consuming acetogens and are outcompeted for H2 by the methanogens. This reaction
results in a low concentration of H2 in the system, which is of benefit to the acetogenic bacteria as H2
poisons their environment. The importance of aceticlastic methanogens as primary CH4 producers (70 %)
increases as there is less H2 available for hydrogenophilic bacteria (Murphy, 2006). The collective effect of
the four trophic groups ensures a stable AD system.
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Complex Organic Matter Proteins. Carbohydrates, Fats and Lipids

Hydrolysis

Simpler Soluble Organics Amino Acids, Sugars, Long Chain Fatty Acids

Acidogenisis
y

Acelogenisis

Methanogenisis

Figure 8: Anaerobic Digestion Process Stages

Various environmental conditions can affect the AD process. Some of these parameters described below
can become inhibiting factors to some or all of the bacterial groups involved in the AD process depending
on their individual sensitivities.
The nutrient concentration available is an essential factor which can affect the process. Sufficient amounts
of carbon and nutrients such as phosphorus, nitrogen and sulphur are required to ensure the healthy
growth of the microorganisms. Calcium, magnesium and iron are also required at certain concentrations
to ensure strong cell growth. It should be noted however that some nutrients, present in high
concentrations, may impede the process. Therefore regular monitoring of those nutrients, heavy metals,
sulphides and free ammonia should be carried out.
Table 5 below from the US EPA outlines a list of inhibitory substances, and at which concentration the
substance may adversely affect the AD process (US EPA, 2006).

Aoife Moloney

Page 20

Scenario Development

Substance

Moderately Inhibitive (mg/I)

Strongly Inhibitive (mg/I)

Calcium
Magnesium
Sodium
Potassium
Ammonia
Copper
Chromium IV
Nickel
Zinc

1500 - 4500
1000-1500
3500-5500
2500-4500
1500 - 3000
-

8000
3000
8000
12000
3000
50-70 (Total)
200 - 250 (Total)
30 (Total)
1.0 (Soluble)

Table 5: Anaerobic Digestion Inhibitory Substances List (USEPA, 2006)

The C: N ratio is an extremely important factor in the AD process also; perhaps the most important factor.
To ensure a standard biogas production rate, the feedstocks must be mixed in accordance with an
appropriate C: N ratio. Bacteria use carbon 25-30 times faster than nitrogen, therefore for optimum
digestion, a C: N ratio of 25:1 or 30:1 is recommended (Kiely, 1996).
The optimum operational pH range is between 7 and 7.2. Acetogenic bacteria can tolerate a pH value as
low as 5.5, but if the pH drops below 6.2 the methanogens become inhibited. If the pH drops below 6.6
then accumulation of volatile fatty acids (VFAs) takes place, and the efficiency of the methanogens slows
(Polprasert, 2007). If the pH drops too low and inhibition occurs it is necessary to cease digester feeding to
allow for recovery. This will give the methanogens time to use the VFAs and to reduce the H2
concentration.
Temperature is another critical factor in this complex process. As the temperature increases the metabolic
rates of bacteria also increase, thus resulting in enhanced operational efficiency, improved biogas yields
and lower hydraulic retention times. AD can occur within three temperature ranges: thermophilic (5065°C), mesophilic (25-45°C) and psychrophilic (<25°C) (El-Mashad , et al., 2004). Within each of those
temperature ranges specific bacteria exist which are efficient in terms of growth, gas production, and
substrate decomposition rates. At the higher temperature ranges for mesophilic (43°C) and thermophilic
digestion (63°C) the bacteria become inhibited which results in a decrease in gas production. Conversely if
the temperature is very low there will be a decrease in gas production (Polprasert, 2007). Psychrophilic
digestion yields high hydraulic retention times and low biogas production. Generally mesophilic or
thermophilic operating ranges are preferred for that reason. Mesophilic and Thermophilic operating
conditions will be addressed further in the following Sections.
The organic loading rates (OLR) and hydraulic retention time also need to be considered. High OLR results
in excessive VFAs which results in a decrease in pH. As already mentioned if the pH is too low the
methanogenic bacteria become inhibited which results in lower gas production. Low OLRs yield lower
quantities of biogas in a pointlessly large digester. Optimum gas production will be achieved when there is
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an optimum balance achieved between a high and low OLR. HRT can also impact digester performance, if
the HRT is too low, there will be insufficient time for the bacteria to degrade the waste, if the HRT is too
long this will lead to an inefficient expensive process.
The water content is a very important factor and can determine the whether the digestion process will be
a wet or dry digestion process. The moisture content of the feedstocks will guide this decision. The most
conventional system, and most appropriate when dealing with wet liquid substrates such as those in
WWTPs, is wet AD. The dry solids concentration of the sludge feedstocks is typically in the region of 410%. More recently dry AD has become prevalent for treating high dry solids waste such as dry household
waste or grasses with a dry solids content of approximately 25-40%.

4.3.2 Types of Anaerobic Digestion
Various types of AD exist which will be described in the following section. At the end of Section 4.3 the
most appropriate AD type will be selected for the LMD CBA model for this project.

4.3.2.1 Mesophilic Anaerobic Digestion (MAD)
Mesophilic digestion is carried out by mesophilic bacteria and the process operates within a temperature
range in the region of 25 to 45°C. MAD is a very common digestion type, with a large number of the Irish
WWTPs utilising this type of digestion to stabilise their sludge's e.g. Dundalk, Drogheda, Tullamore,
Clonmel, Cork, Galway and Dublin WWTPs.
Conventional MAD total suspended solids (TSS) destruction ratio is approximately 45-50%, which equates
to a volatile solid (VS) reduction rate in the region of 40% (Cao, 2011).
The advantage of MAD is that it is a well-established, relatively stable and robust technology with an easy
start up. As the system is steadier, and mesophilic bacteria are more resilient than thermophilic bacteria,
the MAD system is therefore more resistant to shock loads. Also due to the lower operating temperatures,
less energy is required for heating the digester.
An issue with MAD however is that the pathogen inactivation is less than that obtained by thermophilic
digestion, therefore pre-pasteurisation or thermal pre-treatment is required prior to digestion. Also due to
the lower operating temperatures and reduced microbial activity there are lower biogas yields and lower
rates of volatile solids reduction. Generally the MAD process requires a larger reactor size, and a longer
HRT (El-Mashad , et al., 2004).

4.3.2.2 Thermophilic Anaerobic Digestion (TAD)
Thermophilic digestion occurs at further elevated temperatures compared to MAD. Thermophilic bacteria
execute the digestion process at temperatures in the region of 50 to 65°C. TAD is also a faster reaction
than MAD, primarily due to the fact that the process benefits from the elevated temperatures associated
increase in the biochemical reaction rates. Basically as the temperature increases so too does the activity
of the microorganisms, thus yielding increased biogas yields.
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Prague WWTP, as one element of a process improvement and enhanced long term sustainability plan,
switched all digester operations from mesophilic temperatures to thermophilic temperatures. The new
TAD digesters operate at approximately 55°C. Results from this one step alone yielded a doubling in
digester capacity and a considerable increase in biogas yields of approximately 25% (Zabranska, et al.,
2009).
Other advantages of TAD include an increase in volatile solids reduction, improved dewaterability and
there is an increased destruction of pathogens resulting in a Class A biosolid (Metcalf & Eddy, 2003). TAD

reactors are generally smaller in size compared to MAD, and the HRT is reduced due to the
increased temperature and activity.
However a major issue with TAD is that there is a substantial energy input required to operate in the
thermophilic range due to maintaining the high operating temperatures necessary. Other difficulties with
the process include a longer and more challenging start up, odour issues, the production of a low quality
supernatant, and a low process stability which requires greater attention. Also the process system is very
delicate as the thermophilic bacteria are very sensitive, particularly to variations in temperature (Metcalf
& Eddy, 2003) (El-Mashad , et al., 2004).

4.3.2.3 Higli Rate Anaerobic Digestion
High rate digestion is very common today, and is an improvement on an older form of digestion termed
low rate digestion which was a simple digestion system with no intentional heating or mixing. High rate
digestion involves heating the sludge in a completely mixed environment. High rate digestion often
functions in the mesophilic temperature range.
The sludge heating is primarily completed by external heat exchangers due to their ease of operation and
maintenance, however other techniques utilised include internal heat exchangers or steam injection
(Metcalf & Eddy, 2003) (Appels, et al., 2008). Sludge mixing can be achieved in several ways as exhibited in
Figure 9 below; sludge recirculation through a screw pump at the top of a draught tube, mechanical mixing
(impellor installed through cover), or biogas recirculation (Appels, et al., 2008). Today the most common
method is the biogas recirculation method (Smyth, 2011).
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External draft tubes

Gas pistons

Figure 9: Digester Mixer Types; (a) external, pumped recirculation, (b) internal, mechanical, (c) biogas recirculation (Appels, et
al., 2008)

It is very important to ensure digester mixing is completed correctly for several reasons. Proper mixing can
enhance performance by reducing stratification and foaming, causing dispersion of the ravt/ sludge to
ensure enhanced contact with the active biomass, it can increase the effective active volume of the
digester and it can aid in maximisation of VS reduction, thus improving gas production. Mixing can also
reduce scum build-up and it allows the use of a thicker feed (>5%) to increase digester throughput.
Optimal mixing can also minimise process short circuiting to ensure maximum pathogen kill and minimise
dead zones (Turovskiy & Mathai, 2006) (Smyth, 2011).
The raw sludge feed is thickened prior to digestion and the feeding type is continuous. It is important that
the sludge is fed continuously to reduce the occurrence of shock loadings, and to help maintain steady
state conditions within the digester. Within this system the heating, mixing, thickening of the raw feed
sludge and constant feeding are all critical integral elements. These elements work together to produce a
uniform operating environment. If all of the elements work in unison to create optimum conditions, the
stability and efficiency of the process improves (Turovskiy & Mathai, 2006). Figure 10 below highlights the
rudimentary design of the system (Appels, et al., 2008).
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Thickened
sludge

Figure 10; Single Stage High Rate Digestion (Appels, et al., 2008)

4.3.2.4 Two stage Anaei ;>bi( Digestion
Two-stage AD is effectively a high rate digester process as described above with a second tank often
referred to as a secondary digester. This second digester however does not operate in the same way as
the first digester in that there is no heating or mixing carried out in the tank. The secondary tank is
primarily utilised as a storage tank to store the digested solids and to allow decanting of the supernatant.
Figure 11 below illustrates the two stage digestion configuration (Appels, et al., 2008).
The tanks may have either fixed roofs with an external gas storage facility, or the tanks may be equipped
with floating covers. If the secondary digester is equipped with a floating type cover this is utilised to store
the produced digester gas also. Although the two tanks are generally of identical design, equipped with
mixing and heating equipment, there is little activity in the second tank with regards solids reduction or
gas production; typically the secondary tanks are utilised for storage only. However given the identical
design the secondary tank could also serve as a reserve digester should the need arise (Turovskiy &
Mathai, 2006) (Appels, et al., 2008).
The secondary tank may yield a high suspended solids concentration supernatant. This is due to gas
coming out of the suspension in the secondary tank which then produces small gas bubbles. This is the
result of a gas supersaturated sludge or incomplete digestion from the primary digester. These bubbles
then attach to the sludge which results in a poor settling sludge. Fine floes, which do not settle easily, are
also formed due to the mixing and natural breakdown of the solids (Metcalf & Eddy, 2003) (Turovskiy &
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Mathai, 2006). The issue is worsened when the digester is fed with secondary solids particularly when they
have been broken up during digestion (Turovskiy & Mathai, 2006).

Figure 11: Two Stage Anaerobic Digestion (Appels, et al., 2008)

4.3.2.S Two Phase Anaerobic Digestion
Two-phase AD is a two stage process which allows the separation of the AD treatment stages into two
separate reactor tanks which are coupled in series. In the previously described AD processes, the four
treatment stages; hydrolysis, acidogenisis, acetogenisis and methanogenisis all occur in one digestion
reactor tank. However two-phase digestion allows for the separation of the treatment stages, so that the
hydrolysis and acid formation stages occur together in the first reactor tank and the final methane forming
stage, methanogenisis, occurs in the second reactor tank as is evident in Figure 12 below (Kalogo &
Monteith, 2008). Studies and full-scale applications have resulted in enhanced digestion through
optimisation of the stages separately (Turovskiy & Mathai, 2006).
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Figure 12; Two-phase Anaerobir Digestion (Kaiogo & Monteith, 2008)

The first reactor is generally termed the acid-phase digester which completes the hydrolysis and
acidogenisis stages. This stage can be operated in mesophilic or thermophilic temperature ranges and it
typically sees an SRT of approximately 1 to 2 days. As this stage acidogenisis involves the formation of acid,
the pH in the reactor is low and can range from between 5.5 to 6.5. These conditions optimise hydrolysis
and acidogenic growth, but as methanogenic bacteria become inhibited below pH 6.2 there is no methane
production in this reactor.
The second reactor is termed the methane- phase digester which completes the methanogenisis stage,
ultimately producing the biogas. Conditions in this reactor favour the methanogenic bacteria. This phase
normally operates in neutral pH, in the mesophilic temperature range, and typically has an SRT of
approximately 10 to 14 days (Murthy, 2001).
There are many advantages for two-phase digestion, predominantly due to the fact that it allows the
creation of an optimal environment for each type of bacteria; particularly the acid forming bacteria, and
the methanogenic bacteria. As all of the bacteria enjoy their preferred prime conditions the overall
digestion process functions better; there is a higher VS reduction rate, consequently increasing biogas
yields. It has been noted in some cases that the biogas is of a higher standard and quality, with increased
methane content. Other advantages include higher pathogen reduction; fewer issues with foaming and a
generally more stable process overall (Kaiogo & Monteith, 2008). Overall reduced digester volume and
shorter SRTs have also been reported.
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Variations of the two-phase AD system exist which include temperature-phased digestion (TPAD), staged
mesophilic digestion and staged thermophilic digestion. Basically the staged mesophilic and thermophilic
type variations operate at different solids retention times and at different temperature ranges within each
of the reactors.
TPAD is a two-phase system which operates by utilising both mesophilic and thermophilic processes in two
completely mixed reactors which are connected in series. TPAD processes can be arranged with the
thermophilic process occurring first, followed by mesophilic or vice versa. The most common method
appears to be the Iowa State University patented configuration as shown in Figure 13 below (Kalogo &
Monteith, 2008).

Digester Gas

Figure 13; TPAD - Thermophilic - Mesophilic Configuration (Kalogo & Monteith, 2008)

This system claims to improve stabilisation, improve VS reduction, increase gas yields, produce a more
stable Class A biosolid, and improve dewaterability. Issues with the system have been reported as high
energy requirement of the thermophilic phase as well as higher ammonia content in the effluent leaving
the digester (Han & Dague, 1997).
To conclude Section 4.3, the AD technology type of choice to be considered for LMD WWTP, and in the
CBA which follows is mesophilic two-stage AD. This technology is well established, and it is a relatively
stable process. Also as the second digester does not require specific heating or mixing, the energy
requirements are less for the second digester.
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4.4 Biogas Composition
The decomposition of organic waste in the absence of oxygen, through the previously described AD
process, produces a biogas which is typically composed of the constituents shown in Table 6 below. The
biogas also contains moisture and trace contaminants such as siloxanes may also be present, particularly if
the feedstock is sewage sludge.
Component

Biogas

CH4
CO2
H2S
NH3
Moisture

55 - 70 %
30 - 45 %
0-15 %
0 - 0.45 %

Saturated

Table 6: Biogas Composition (Murphy, 2006)

The biogas has a calorific value of approximately 20-28 MJ/m^, depending of the quantity of methane in
the gas (Murphy, 2006). For example a biogas with an energy value of 21 MJ/m^ contains 55.6% methane.
The only component of the biogas which has an energy value is the methane; the other components
present reduce the calorific value of the gas.
If this biogas is cleaned and upgraded it will yield a gas with a high methane, high energy content, which is
termed biomethane. Biomethane when upgraded typically has methane content in excess of 95%, and it
mimics the energy content properties of natural gas to a high degree of accuracy. However biomethane is
a cleaner and carbon neutral renewable fuel unlike natural gas.

Biomethane has a calorific value of

approximately 37.78 MJ/m^ (Murphy, 2006).

4.5 Biogas Contaminants
As already mentioned, biogas contains contaminants which include H2S, CO2, H2O, particulates and
siloxanes (WERF, 2012). These contaminants reduce the overall quality of the biogas, particularly CO2; and
their presence can also cause corrosion and mechanical wear of the equipment which uses the biogas to
produce energy, particularly H2S and siloxanes as described below.

4.5.1 H2S
It is recommended to reduce or remove hydrogen sulphide (H2S) completely, as if water (H2O) is present, a
reaction can occur between the H2S and H2O to produce sulphuric acid (H2SO4), which is highly corrosive
and can lead to damage of gas utilisation equipment. Biogas H2S levels can range from 300 to 2500 ppmv
typically. To protect gas utilisation equipment from corrosive damage, H2S levels should be typically less
than 400 ppmv. However some technologies will have lower standards, particularly fuel cells which require
a very high level of biogas cleaning and upgrading prior to use. If the biogas end use is grid injection or as a
vehicle fuel H2S should be removed to levels typically less than 4 ppmv. Removal technologies are detailed
in Section 4.6.1.

4.5.2 Siloxanes
Siloxanes are organic silicon polymers which are very prevalent nowadays, and becoming an increasing
issue in WWTPs. Siloxanes are currently used to improve the properties in consumer products such as
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detergents, cosmetics, hair care products, and deodorants (Weliinger & Lindberg, 1999) (Tower, 2003).
The siloxanes in the gas can be categorised as either linear or cyclical in form; common linear siloxanes
include Hexamethyidisiloxane (MM) and Octamethytrisiloxane (MDM), whilst common cyclical siloxanes
include Octamethylcyclotetrasiloxane (D4) and Decamethylcyclopentasiloxane (D5)

(Tower, 2003)

(Huppman, et al., 1996).
As these siloxanes enter the wastewater system they are contained in the solids which are pumped into
the digesters. As the sludge is heated within the digesters, the siloxanes volatise with the digester gas, and
become incorporated into the biogas. During the combustion process, if the biogas contains siloxanes, the
siloxanes combine with free oxygen (oxidation) in the combustion gas to form silicon dioxide or silica
(Si02), and silicate (SiOs) deposits. Si02 is the main ingredient in sand, so these deposits are abrasive solids
similar to sand (Tower & Wetzel, n.d.). These deposits can range in texture from powdery like up to a
coarse grainy deposit.
Si02 and SiOs can cause major operational problems within the technologies in which the gas is utilised, by
strongly bonding to the heated metal surfaces of the energy recovery systems. The deposits can
accumulate on the heat recovery equipment, causing an increase in stack temperatures and a loss of heat
transfer efficiency. The deposits also accumulate on the moving parts in power generation equipment
such as pistons and cylinder heads, which results in abrasion and accelerated wear of parts such as
impeller blades. The consequences of such abrasion result in lower power production, reduced
efficiencies, reduced heat recovery and in the worst case scenario - complete failure of equipment
(Tower, 2003) (Cao, 2011).

Figure 14: Silicon dioxide deposits on boiler tubes and piston crown (Tower & Wetzel, n.d.).

Siloxane concentrations in digester gas can range from approximately 0.5 parts per million by volume
(ppmv) up to 140 ppmv (Gannett Fleming, 1998). To protect equipment siloxanes must be removed to
concentrations of 0.3 ppmv (Cao, 2011); however different manufacturers will have specific limits for
siloxanes in biogas, as some CHP technologies are more sensitive than others e.g. Fuel cells and
Microturbines. One Microturbine manufacturer. Capstone, have established a fuel specification for its
turbines which requires siloxane concentrations of less than 0.005 ppmv (~0.03 mg/m^), thus effectively
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100% siloxane removal is recommended for all Capstone biogas applications (Gannett Fleming, 1998)
(Wheless & Pierce, 2004). Siloxane removal technologies will be discussed in Section 4.6.4.

4.6 Biogas Cleaning & Upgrading Methods
Different biogas purification techniques are required depending on the end use of the biogas. For example
if the gas is being used for grid connection or as a vehicle fuel, the gas will need to be cleaned and
upgraded to a high standard, as it is important to have a high energy content in the gas for those
applications.
As already mentioned the energy content of the biogas is directly proportional to the CFI4 content. Flence
through cleaning and removal of contaminants and carbon dioxide in the upgrading process the energy
content of the gas increases (Petersson & Wellinger, 2009). Table 7 below outlines the predominant
biogas uses and the standard of upgrading required for each use.
Application

Removal of H2S

Removal of CO?

Removal of H2O

Gas heater (boiler)
Stationary Engine
(CHP)
Vehicle Fuel
Grid Injection

<400 ppmv
<400 ppmv

No
No

Yes
Yes

Removal of
Siloxanes
Yes
Yes

< 4 ppmv
< 4 ppmv

Yes
Yes

Yes
Yes

Yes
Yes

Table 7: Recommended biogas upgrading for various biogas uses (WERF, 2012) (Cao, 2011) (Wellinger & Lindberg, 1999)

Biogas cleaning and upgrading is advantageous in that the end product is comparable to natural gas, thus
providing an alternative supply of gas which can be distributed within a natural gas grid. However the
disadvantage of upgrading is that the process increases the overall costs of biogas production. Biogas
cleaning to pipeline quality has high associated capital and operational costs. It has been reported that
producing pipeline quality gas is not cost competitive with conventional CHP technologies (Moss, et al.,
2013).
Therefore if upgrading biogas is to become cost competitive, upgrading processes must offer a high
efficiency, low energy system, which can produce a gas with a high quality and methane content. As
methane has a greenhouse gas effect 23 times greater than that of carbon dioxide, it is essential that
methane emissions are minimised or avoided during the upgrading process also (Metcalf and Eddy, 2003).
Several techniques exist to clean and upgrade the biogas. These technologies are being researched and
developed regularly to find ways to improve efficiencies, reduce both capital and operational costs, and to
reduce methane emissions. Table 8 below lists the technologies available which remove the contaminants
yielding a clean and upgraded gas.
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Contaminant

Removal Technologies

HzS

Sodium hydroxide, Sodium Carbonate, Iron oxide wood
chips. Activated Carbon, Air dosing
Physical or Chemical Scrubbing, PSA, Cryogenic, Membrane
Cooling, Compression, Absorption, Adsorption
Activated Carbon, Liquid Absorption, Refrigeration
Particulate Filters

CO2
H2O
Siloxanes
Particulates

Table 8: Biogas upgrading & cleaning technologies (Moss, et at, 2013)

4.6.1 H2S Removal
H2S removal is required for all biogas use applications. There are several removal techniques which include
using sodium hydroxide (NaOH) and sodium carbonate (Na2C03) Na chemical absorption, or by adsorption
onto iron via iron oxide wood chips, adsorption onto activated carbon, or alternatively by the most
common and cheapest method air dosing.
Sodium hydroxide washing is one of the oldest methods of H2S removal. However due to the current high
technical requirements to deal with H2S, this absorption method is rarely used nowadays. It may be used if
there are large gas volumes which require treatment or if there are very high levels of H2S in the gas
(Petersson & Wellinger, 2009). Sodium Carbonate (Na2C03) can be used to remove H2S also providing that
there is adequate contact time for the reaction to occur. This results in excessive storage time for the
reaction to take place, thus resulting in larger storage volumes.
Iron oxide adsorption techniques can be used to remove H2S. Iron oxide (FeOH3 or Fe203) coated material
such as wood chips act as a medium through which the biogas passes. This has been reported as being a
simpler removal method (Polprasert, 2007). Hydrogen sulphide reacts easily with the iron oxide to form
iron sulphides. Condensation of water during the process should be avoided. If condensation does occur it
can cause the iron oxide material to stick together which results in a reduced surface area. Oxidation of
the iron sulphides may be used to recover the iron oxide. Precautions should be observed when
regenerating the iron that the temperatures in the process are not too high. This is important to monitor
as high temperatures may cause the wood chips to combust.
Iron oxide is furthermore the desulphurising agent found in SOXSIA (Sulphur Oxidation and Siloxanes
Adsorption), a catalyst, which has the ability to adsorb siloxanes and remove H2S from biogas (Petersson &
Wellinger, 2009).
Engineered activated carbon which has defined pore sizes is used for H2S removal. Oxygen, in the presence
of water, is added which oxidises H2S to form elemental sulphur. The sulphur binds to the inner surfaces of
the pores and is adsorbed (Kalogo & Monteith, 2008). The speed of the reaction is increased through
infusing reactive catalytic substances e.g. Potassium Iodide (Kl) or Zinc Oxide (ZnO), before formation of
the activated carbon. However, if the gas end use is grid injection or as a vehicle fuel where only trace
amounts of oxygen are permitted in the gas, oxygen addition and subsequent oxidation is not suitable.
Instead, Kl or permanganate impregnated carbon is utilised as oxygen addition is not required in the case
of Kl. ZnO impregnated carbon has been reported as being more expensive, however the results show very

Aoife Moloney

Page 32

Scenario Development
high removal efficiencies, in some cases less than 1 ppm (Petersson & Wellinger, 2009). This technique is
commonly used when carbon molecular sieves are used to remove carbon dioxide.
Air dosing is relatively maintenance free and requires low investment costs compared to the other H2S
removal methods. Oxygen is introduced to the system, and aerobic bacteria oxidise the H2S to form
elemental sulphur (S) and water (H2O). This method has been reported to exhibit efficiencies of 80-99%,
allowing the biogas to be used in gas engines, but not for direct grid injection to the national grid (Murphy,
2006).

4.6.2 CO2 Removal
Carbon dioxide removal is required for vehicle fuel and for grid injection use. CO2 can be removed by
physical or chemical means such as water or chemical scrubbing, pressure swing adsorption (PSA), or by
cryogenic or membrane technologies.
Physical removal techniques include water scrubbing; the advantage of this being that water scrubbing can
remove both CO2 and H2S (both of which are more soluble in water than methane). CO2 is at least 25 times
more soluble in water than in methane depending on the temperature and pressure (Murphy, 2006).
WWTP final effluent water can be used for this process which offers an added advantage in that it is a
water reuse potential. The water from the process may be reused if the absorbed CO2 and H2S are
removed. This can be achieved through stripping with air, however this is not recommended if high levels
of H2S exist. If high levels of H2S do exist it may be more economical to use fresh water every time.
The water scrubbing technology is comparable with other upgrading technologies in terms of in terms of
the typical methane content of the biomethane (~95-99%), and it offers a methane recovery rate of
approximately 98%. It is also comparable to the other upgrading technologies in terms of capital and
operating costs (Biomethane Regions, 2013). Water scrubbing has a high number of reference facilities in
the wastewater treatment sector, and it removes CO2, H2S, moisture and a portion of the siloxanes.
Chemical removal involves a chemical scrubbing process which is similar to water scrubbing (in that it is a
physical absorption process) except a chemical solvent is used in which both CO2 and H2O are more soluble
than methane, also the chemical solvent is more effective than water. This results in a lower demand for
the chemical solvent and reduced pumping costs.
Alternatively carbon molecular sieves or 'pressure swing adsorption' can be used to remove CO2. With this
method CO2 is separated from the biogas by adsorption onto a surface under elevated pressure. The
adsorbing material can be activated carbon or zeolites, which can be regenerated by a successive decrease
in pressure before the column is reloaded again (Petersson & Wellinger, 2009). This technique is
particularly favourable if water resources are low and H2S concentrations are high, but this is an expensive
process.
Molecular sieves are designed to remove a range of different gas components. The molecules are loosely
bound within the sieve, and meshes of different sizes and pressures are used to separate the gas
components. The process occurs in three stages; initially the biogas is fed under pressure into the sieves
until the sieve becomes saturated with CO2. The bed is then depressurised to ambient temperature and
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the biomethane is released. Finally a vacuum is applied to the sieve and the CO2 is collected and released.
The process has been reported to remove up to 98% CO2.
Cryogenic upgrading can also be used to remove carbon dioxide. This process involves making use of the
separate boiling/condensation points of the different gases, mainly for the separation of CO2 and CH4. The
raw biogas is cooled down to the temperatures where the CO2 in the gas condenses and can be separated
as a liquid or a solid fraction. The CH4 accumulates in the gas phase. An advantage of this method is that
water and siloxanes are also removed during the cooling of the gas. The cooling process normally occurs
in a few stages to facilitate the removal of the different gases in the biogas separately, and to optimise the
energy recovery (Petersson & Wellinger, 2009).
Membrane technology can be used to remove CO2, two methods exist which are a high-pressure gas
separation and low-pressure gas absorption method. The high-pressure process is used to remove
hydrocarbons and H2S from the raw gas. A particle filter such as a membrane is used to remove the CO2.
The membranes separate CO2, H2O, and H2S, but the membrane does not separate nitrogen from the CH4.
The raw gas is upgraded in three steps, and the resulting biogas contains ~96% CH4. The waste gas may be
subsequently utilised in a boiler as it still contains a portion of CH4, approximately 10-20% (Wellinger &
Lindberg, 1999).
Low pressure gas liquid absorption membrane is a newer technology used for upgrading the biogas. A
micropourous membrane is used to separate out the gaseous stage from the liquid stage. The gases which
are able to diffuse through the membrane will be absorbed on the other side of the membrane by a liquid.
The gas flows in one direction and the liquid on the other side of the membrane, through which the gas is
absorbed, flows in the opposite direction. CO2 removal is efficient and removal results are comparable to
the high pressure gas separation, with results of biogas being cleaned to ~ 96% CH4 (Wellinger & Lindberg,
1999).
4.6.3 H.;() Removal
Water removal is recommended for vehicle fuel and grid injection use. The biogas is saturated with water
vapour when it leaves the digester. If this water condensates in the gas it can lead to corrosion issues
(Kalogo & Monteith, 2008). There are several approaches to removing water from the biogas which
include cooling, condenser, adsorption, absorption, the use of a drip tray, or a desiccant dryer. Water will
condensate from the biogas by increasing the pressure or decreasing the temperature. Once condensation
occurs the water can then be removed. Cooling can be achieved by burying the gas line with a condensate
trap in the soil. Adsorption using activated carbon, molecular sieves, or silica can also remove water
(Petersson & Wellinger, 2009).

4.6.4 Siloxanes
Siloxane removal is required for all biogas use applications. Carbon adsorption appears to be the only
technology operating full-scale to remove siloxanes from digester gas. Other removal techniques include
liquid absorption and refrigeration (Kalogo & Monteith, 2008).
Studies have shown that activated carbon filters are the most effective siloxane removal system available
for a myriad of reasons including their relatively straightforward operation and maintenance, high

Aoife Moloney

Page 34

Scenario Development
performance proficiencies, operational history and experience and the installation costs (Liang, et al.,
1999) (Enochs, et al., 2003). Activated carbon possesses excellent adsorption properties and a large
surface area. These properties result in activated carbon being an excellent filter material for an array of
organic substances.
In activated carbon filters, a vessel containing a bed of activated carbon material acts as the filter through
which the digester gas flows. Organic constituents such as volatile organic compounds (VOCs) and
siloxanes adsorb to the activated carbon. Activated carbon spent material is classified as non-hazardous
and can be regenerated using microwave technology (Liang, et al., 1999). This may be done offsite to
reduce additional complications and costs.
There are many types of activated carbon filters which are capable of removing siloxanes such as solids
graphite-based and coconut shell-based filters; however issues with bed life have been reported due to
overloading caused by adsorption of other VOCs onto the filter. The Applied Filter Technology termed
Selective Active Ingredient or SAG^”^ is widely used in the US and results illustrate its effectiveness in
removing siloxanes (Tower & Wetzel, n.d.).
Siloxane removal studies completed using liquid absorption techniques show positive results. It should be
noted that a requirement for liquid absorption is that the gas must be dried initially. Liquid phase
absorption using 48% sulphuric acid at a temperature of 60°C could remove in excess of 95% siloxanes in a
dry digester gas. Concentrated nitric acid resulted in similar removal rates (Kalogo & Monteith, 2008).
Refrigeration to remove moisture can also be effective at removing siloxanes. If siloxane concentrations
are very high it has been reported that chilling is viable (Tower, 2003), however it has also been reported
than refrigeration below 3°C results in lower siloxane removal and loss of gas quality caused by a portion
of the methane being lost in the condensate. Removal efficiencies of 80-90% for a three-stage condenser
arrangement have been reported (Glus, et al., 1999). However other reports suggest removal efficiencies
in the range of 10% and 60% depending on the biogas composition (Kalogo & Monteith, 2008).

4.6.5 Particulates
Particulates may be present in small quantities in the biogas. Particulates can cause mechanical wear and
tear in the gas engines and turbines through which the biogas is used. Mechanical filters are generally
used to separate and remove the particulates from the biogas (Petersson & Wellinger, 2009).

4.6.6 Oxygen and Nitrogen Removal
The presence of oxygen and nitrogen in the biogas can indicate that air has entered the system. If the
oxygen concentration is low there should be no problems. However there is a risk of explosion if the
oxygen levels increase to a high level. A biogas with a methane content of 60% can be explosive with
oxygen concentrations in the region of 6-12% (Wellinger & Lindberg, 1999). Membrane technology or
carbon molecular sieves can be utilised to remove these constituents should they occur in high enough
levels to pose a risk of explosion, however these methods are expensive. A cheaper method in this case is
to monitor the concentrations of oxygen and preventing the intrusion of oxygen into the system rather
than trying to treat the gas afterwards.
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To conclude Section 4.6, the most appropriate technology for LMD WWTP to upgrade the biogas produced
is physical water scrubbing. This technology type will be considered in the CBA model to assess the most
cost effective energy generation scenario for the plant. Water scrubbing is widely used to upgrade biogas
within the WWT industry, and it is particularly advantageous as it is effective in removing CO2, H2S,
moisture, and a portion of siloxane contamination.

4.7 Biogas Uses
Biogas is an extremely versatile fuel; it can be beneficially used as a renewable energy source to produce
heat via a boiler, heat and electricity via combined heat and power plant (CHP); or it can be upgraded to
biomethane and used as a substitute for natural gas through direct injection into the natural gas grid, or it
can be used as a transport fuel. For this project the feasibility study will consider boiler, CHP and gas grid
injection utilisation techniques only.

CHP

Biogas

Figure 15: Biogas Uses
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4.7.1 Combined Heat and Power Plants
Various CHP technologies exist to generate heat and electricity from biogas. The technologies, each with
their own merits and drawbacks, are described in the following section and summarised in Table 9 below.
Capacity
kW
Fuel Cells
Microturbines
ICE
Stirling Engine

2001,500
30-250
1103,700
-15-43

Operational
Cost
$/kWh

Biogas
Cleaning
Required

Air
Emissions

%

Capital
Cost
$/kW

30-40

-4,500

0.004-0.019

High Level

Low

26-30
30-42

30-37
35-49

-1,225
-1,033

0.012-0.025
0.01-0.025

Low
Medium

-27

-48

-7000

High Level
Medium
Level
Low Level

Electrical
Efficiency

Thermal
Efficiency

%
36-47

-

Medium

Table 9: CHP Technology Summary (Lynch & Schettler, 2010) (Moss, et al., 2013) (Wiser, et al., 2012)

4.7.1.1 Ful4 Cells
Fuel cells represent a CHP option which can generate heat and electricity from biogas produced from the
anaerobic digestion of sewage sludge. Fuel cells yield lower air emissions than other CHP options and
possess high efficiencies. A reformer converts the methane portion of the biogas into hydrogen gas. The
hydrogen gas is then fed into the fuel cell where it is converted into electrical energy, with water produced
as a by-product. The reaction occurs without combustion, requires no parts and produces negligible air
emissions (Kalogo & Monteith, 2008).
The process involves the following stages biogas purification, methane reformation and electricity
generation. Firstly biogas purification occurs where the biogas is cleaned to remove any contaminants,
which could adversely affect the fuel cell performance. This step is followed by methane reformation,
where the methane gas is converted into hydrogen gas.
Finally the electricity generation takes place. Hydrogen is converted into electrical energy within the fuel
cell. A fuel cell is similar to a conventional battery in that it has a positively charged anode, a negatively
charged cathode and an electrolyte. Electrical power is produced from an electrochemical reaction
between hydrogen and oxygen (Kalogo & Monteith, 2008). A fuel cell differs from a battery however in
that the chemicals can be fed continuously into the fuel cell and power produced instantaneously (USEPA,
2006). Thermal heat generated from the process can be captured and utilised to meet the WWTPs heating
requirements of the digesters or to provide space heating or hot water (US Environmental Protection
Agency, 2008).
Fuel cells offer many advantages as a CHP technology option such as lower air emissions and higher
electrical efficiencies. Fuel cells have the lowest air emissions compared to the other CHP technologies,
primarily due to the fact that it is a non-combustion process. Fuel cells can achieve the highest rates of
electrical efficiency compared to the other CHP technologies. The electrical efficiencies achievable are in
the region of 36-47% (i.e. biogas chemical energy converted into electrical energy). If we consider the heat
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produced by the fuel cell also, the combined electrical and thermal efficiencies or the total system
efficiency is in the region of 85% (Lynch & Schettler, 2010) (Moss, et al., 2013).
A USEPA study has reported a fuel cell CHP with an electrical efficiency of 43%, in comparison to an
internal combustion engine (ICE) CHP with an electrical efficiency of 30-35% and a microturbine CHP with
an electrical efficiency of 26-30%. Fuel cell CHP technologies are available in size from 200 kW to 1500 kW
(Lynch & Schettler, 2010), therefore making the technology suitable for lower P.E. WWTP applications (US
Environmental Protection Agency Combined Heat and Power Partnership, 2008).
The main issue with fuel cells is that the capital costs are significantly higher per kW installed compared to
other CHP technologies. A report by Brown and Caldwell in 2010 suggested fuel cell CHP capital costs of
approximately 4,500 $/kW (Lynch & Schettler, 2010). Fuel cells increased costs are in part due to the high
level of biogas purification required. Biogas produced from AD contains contaminants such as hydrogen
sulphide, particulates and siloxanes.
4.7.1.2 Microturbines

Microturbines generate heat and electricity from biogas. They are available in small capacities, ranging in
size from 30-250 kW (Lynch & Schettler, 2010). The combustion of biogas drives the turbine fan blade on a
shaft, which rotates through the generator to produce an electrical power output. Waste heat is also
generated which can be captured and re-used to meet a portion of the plants thermal requirements such
as digester heating, space heating or hot water (Kalogo & Monteith, 2008).
As the microturbines are available in small capacities, they are very suitable for smaller P.E. WWTPs where
they allow the generation of electricity and heat at a smaller scale than other CHP technologies (Moss, et
al., 2013). If a WWTP is below a certain size, e.g. a generally accepted rule of thumb in the U.S. is 50,000
P.E., it may not be economically viable to use conventional CHP technology, and therefore microturbines
may be more suitable and economically viable to generate heat and power. Microturbines also emit lower
air emissions compared to other CHP combustion engines or boilers which make these turbines suitable
for areas with strict air quality standards.
Microturbines have a reported electrical efficiency of approximately 26-30%. The total system efficiency,
including the thermal efficiencies of microturbines is in the range of ~ 70% (Lynch & Schettler, 2010).
Microturbines offer a cost effective heat and power generation solution for small to medium sized
wastewater treatment plants. Some reports suggest the capital cost of microturbines to be in the region of
~1,225 $/kW, which is significantly lower than fuel cell CHP technology (Lynch & Schettler, 2010).
As with other CHP technologies such as fuel cells and ICE, it is recommended to pre-treat the biogas to
remove contaminants such as hydrogen sulphide, particulates and siloxanes. This pre-treatment then
increases the overall capital expenditure.
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4.7.1.3 («as Turbine.s - Internal Combustion Engine (ICE)
Turbines may exist as large simple cycle or combined cycle gas turbines. These turbines generally have
large capacities and are suitable for large WWTPs. In internal combustion engines the combustion process
and the mechanical output occur in one process.
in simple cycle gas turbines a portion of the compressed air is diverted through the digester gas burners to
raise the temperature of the compressed air. This hot gas is mixed with the remainder of the compressed
air and directed to the power turbine. The expansion of the hot compressed air past the turbine blades
causes the shaft to rotate. The electrical efficiency of the turbine is approximately 30-35% (Kalogo &
Monteith, 2008).
Combined cycle gas turbines (CCGT) yield higher efficiencies than the simple cycle turbines. This is due to
the fact that the CCGT utilises the high temperature waste exhaust gases from the gas turbine in a boiler
to generate steam for a steam turbine, rather than venting or wasting the exhaust gases to the
atmosphere. The steam generated drives a steam turbine generator to generate electricity. When the
steam turbine shaft turns at the same speed as the gas turbine, the clutch is engaged and both turbines
work in tandem.
The electrical efficiency of the CCGT is approximately 42% or more in some cases (up to 50%) (Lynch &
Schettler, 2010) (Kalogo & Monteith, 2008). The total system efficiency can be in the range of 90%. This
high efficiency ensures improved energy recovery. Higher efficiencies also ensure a lower cost per kWh of
electricity generated, as well as lower CO2 emissions. As the CCGT is effectively two systems working in
tandem, i.e. the gas turbine and the steam turbine, it is more expensive from a capital expenditure point
of view for the CCGT, due to the additional costs of the waste heat boiler, steam turbine and the
condenser system.

4.7.1.4 Stirling Engines - External Combustion Engine
Biogas can be used to drive external combustion engines also such as the Stirling engine to generate
energy. In external combustion engines the combustion process and the mechanical force output occur in
two separate processes. The Stirling engine operates on the basis of differences in temperature and
consequent changes in volume of air or the working fluid. Through alternate expansion and compression
of a fixed quantity of working fluid inside a chamber, the Stirling engine converts thermal energy into
mechanical energy (Kalogo & Monteith, 2008) .
As already mentioned, biogas contains contaminants such as hydrogen sulphide, particulates and
siloxanes. These contaminants can cause damage such as corrosion to the engine parts. A major advantage
of the Stirling engine is, as it is an external combustion engine, it allows the direct use of biogas. This
eliminates the requirement of pre-treatment of the biogas, thus reducing extra capital expenditure on pre
treatment technologies. Other advantages of the external combustion engine over the internal
combustion engine are that it is easier to operate, and it is compatible with a variety of fuel sources. The
Stirling engine technology is suitable for small and medium scale wastewater treatment plants.
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The Stirling engine is a well-proven technology as it has been in use for over a century; however there is a
lack of operational experience of biogas CHP applications which could be viewed as a disadvantage.
To conclude Section 4.7, the CHP technology of choice to be considered for LMD WWTP and in the CBA
model is the ICE. ICE is the conventional WWTP CHP technology, it is well-established and a cost-effective
technology. ICE also has good electrical efficiencies when compared to microturbines or Stirling engines.

4.7.2 Grid Injection of Upgraded Biogas - Biomethane
Direct grid injection of refined compressed (to natural gas grid pressure) biomethane is becoming more
attractive due to the rising fossil fuel prices (in some regions), increasing energy security of supply fears,
and increasing renewable energy targets. Injecting biomethane directly into the grid can offer higher
efficiencies than some of the more conventional CHP systems. It has been reported that approximately
80% of the energy in the gas is utilised. This takes into account a loss of approximately 5% for energy
required for the refinement process and approximately 15% for energy required to heat the digesters (lEA
Bioenergy Task 37, 2007).
A disadvantage of grid injection however is the high capital and operational expenditure associated with
biomethane grid injection; from the biogas cleaning and upgrading technology choice, to the required gas
quality standards, and to connecting to the gas grid itself including the network entry facility. To be
economical, biomethane grid injection is more suitable to larger WWTPs, with high biomethane yields,
which are located close to a natural gas pipeline.
Factors such as the regions government support of biomethane in the form of incentives and grants, and
the natural gas price, will influence the overall feasibility. If natural gas prices are high it may swing the
economic feasibility in favour of biomethane grid injection. Conversely if natural gas prices are low, for
example in the US at present gas prices are very low at approximately 0.01 $/kWh (industrial price) due to
the shale gas boom, biomethane grid injection is not an economical feasible option in most cases.
However the EU is leading the way in terms of direct grid connection. Countries such as Sweden,
Switzerland, France, Germany, Austria, and the Netherlands are at forefront in terms of direct grid
injection in Europe. The UK is pursuing grid injection also, and government support exists in the form of
the Renewable Heat Incentive (RHI). The RHI offers an attractive financial incentive of 6.7p/kWh for biogas
injected onto the grid (Morton, 2012). This tariff is available for 20 years which should see biomethane to
grid in the UK become a viable option into the future (UK Government, 2011).
Didcot WWTP, operated by Thames Water, became the first biomethane to grid project in the UK in 2010.
The project involves the cleaning and upgrading of the sites biogas prior to grid injection. The biogas
undergoes cleaning and upgrading using a water scrubbing technology. As previously mentioned in Section
4.6.2, water scrubbing removes CO2, H2S, and moisture. Water treatment can deal with a portion of the
siloxanes, but additional filtration is utilised at this plant to remove siloxanes totally. In late 2010 it was
decided to add propane to enrich the biomethane further to ensure the gas quality was akin to natural gas
at Didcot WWTP (Midwinter, 2012). The biomethane from Didcot has a methane content of approximately
98%.
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The ED countries listed have their own biomethane gas quality standard (See Table 10) which has to be
achieved prior to grid injection and vehicle fuel use (Petersson & Wellinger, 2009) ( Persson & Wellinger,
2006) (Gas Safety (Management) Regulations , 1996). In many of these countries also, there are
government support schemes in place such as grants and financial incentives, and the access to the gas
grid is guaranteed for all biogas suppliers. Therefore there is a support mechanism in place for suppliers in
the form of guaranteed grid access.

Compound

Higher

Unit

France

MJ/m^

Wobbe

Germany

L gas

H gas

42.48
-46.8

48.2456.52

Sweden

L gas H gas
grid
grid
37.8-46.8
46.1-56.5

Switzerland

Limit
Inject.

Austria

Holland

UK

47.756.5

43.4644.41

47.2
-51.41

Unlim.
Inject.

Index
Methane

Vol

95-99

-%

>50

>80

>96

Content
Carbon

Vol -%

<2

<6

<6

<3

< 0.5

<2^

Dioxide
Oxygen

Hydrogen
C02^02*^N2
Water

Vol - %
ppmv
Mol %
Vol - %
Vol - %
°C

<0.5^

<1.0®

<100
<6
<- 5^

<5

<5

ct^

<5
<t^-5

<30

<23

<4^

<0.5
<12

<-8^

-10®

<5

<45

<0.1®

Dew Point
Humidity
Sulphur

P
mg/m^

<100^
<75^

<60%
<30

Table 10: Standard Requirements for Grid Injection or for Vehicle Fuel Utilisation

Notes:
1 - At Maximum Operating Pressure (downstream from injection point)
2 - Maximum Permitted
3 - Average Content
4 - Ground Temperature
5 - Ambient Temperature
6 - Mole Percentage
7 - At 40 bars Pressure
8 - At 10 bars Pressure

As is evident in Table 10 each country has varying conditions and standards. France, Germany and
Switzerland possess two levels of requirements for biomethane, with different constraints applied for the
injection of low and high quality gas. A more cohesive European standard approach could facilitate the
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progression of biomethane injection in Europe, thus assisting to increase security of supply whilst also
contributing to meeting EU RES Directive targets.
In 2010 a European Commission mandate termed M/475, was given to the CEN (European Committee for
Standardisation), to develop and produce a European standard for a quality specification for biomethane
destined for grid injection and vehicle fuel utilisation. The CEN are progressing with the mandate and it
should be complete in 2013, but as yet there is no definitive completion date (European Commission
Director General for Energy , 2010).
Biomethane grid injection is currently not carried out in Ireland. We have no standard for gas quality, no
support mechanisms in place, no pricing structure or REFIT payment mechanism, and no guaranteed grid
access. In Ireland all of these issues would have to be addressed and overcome before biomethane to grid
could become feasible. Technical challenges for biomethane grid injection also exist in Ireland such as
system demand and location.
With regards system demand, the existing distribution network minimum summer load will ultimately
dictate the biomethane facility output rate. This could result in capacity restrictions and limitations in
Ireland during the height of the summer, as when the production capacity of the biogas generator is in
excess of the demand then a capacity limit is reached. This could be overcome by the introduction of a
reverse flow system on the distribution grid, where the gas goes back to the transmission grid where
storage is available. This would increase capacity and in this way there could be guaranteed access in
Ireland (where infrastructure exists).
However 100% guaranteed grid access simply cannot be achieved due to the physical limitations of our
natural gas transmission grid. As is evident from Figure 16 below our natural gas grid does not cover the
entire country (Bord Gais , 2012). It would be uneconomical to transport biomethane over long distances
to reach a point to connect to grid. This highlights the point that location is a critical factor and that
upgrading plants have to be close to the natural gas grid to minimise connection costs and to ensure
sustainability and feasibility. However that said, and in the context of this report, the transmission grid is
in close proximity to the main centres of population in Ireland, where the large WWTPs are also located.
So in the main connection to the transmission grid from the larger WWTPs should not be an issue.
Despite all of the above challenges and limitations, Bord Gais appear to be very interested in biomethane
injection to grid, particularly from waste sources, including sewage sludge. It appears to be a core focus of
Bord Gais and Irish Water's renewable development strategy for the future. Their aim is to promote and
support the development of biomethane grid injection. The company appear to be focused on research
and development in the area of biomethane grid injection. With regards the company's investment
strategies, investment into biomethane grid injection or biogas use in CHP will have equal standing.
However location and proximity to the gas grid will favour direct gas grid injection (Kilgallon, 2013).
Ireland has a lot of work to do to get to a point where grid injection is feasible. The manner in which the
system works would also have to be decided. With regards to quality standards Ireland would undoubtedly
follow the UK or one of the other EU countries, until such time as an EU wide standard is available. With
regards feed in tariffs, support mechanisms and incentives, Ireland would most likely follow the UK or EU
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approaches again. Financial incentives and government support is required if grid injection is to become a
viable option in Ireland.
A report from

Bord Gais

recommendations to reduce

entitled

The Future of Renewable Gas in Ireland (2010) outlined

barriers and encourage biomethane production in

Ireland. Those

recommendations were aimed at policy makers and included suggestions such as the introduction of
national targets for biomethane to meet a percentage of gas demand, review of the Renewable Energy
Feed In Tariff (REFIT) scheme to support biomethane grid injection (such as in Germany), implement
biomethane quality standards and regulations allowing grid injection, and apply support structures,
incentives and grants to overcome the high capital costs for grid injection. The report also suggested that
energy and waste management policies should be aligned to clarify issues regarding feedstock supply
(Bord Gais, 2010). As yet none of these recommendations have been met on a National policy level.
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Figure 16: Bord Gais Natural Gas Transmission System (Bord Gais , 2012)
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4.8 Increasing Biogas Yield - Pre-treatment
The AD process and biogas yields can be enhanced through the use of pre-treatment technologies. As
already mentioned hydrolysis is the rate limiting step, therefore the majority of pre-treatment
technologies aim to advance this rate limiting stage. These technologies essentially break down the
bacterial cell wall to release the energy within, thus enhancing energy production and reducing digester
retention time. Pre-treatment technologies offer many additional benefits, which include:
•

Increase in the hydraulic loading rate thus allowing more throughout to the plant

•

Increase in the volatile solids destruction rate which results in increased biogas yields

•

Reduction in cake and associated disposal costs

•

Enhanced digester capacity thus saving on unnecessary additional capital spend on new AD plant
assets

•

Improved dewaterability of the digested sludge thus reduced dewatering costs

•

Reduction in pathogens - achievement of Class A Biosolids

•

Less odour issues

Various pre-treatment technologies exist which include thermal hydrolysis, ultrasonic, mechanical,
chemical and biological methods. The technologies aim to destroy the cell walls and assist in the
breakdown of the complex organic particles into more soluble compounds, basically unlocking any
additional energy. Sludge from pre-treatment systems is typically higher in soluble COD compared to
untreated sludge. As the biodegradability of primary sludge is higher than secondary sludge, pre
treatment is often only carried out on secondary sludge's. Therefore selective pre-treatment, where
possible, will reduce the size and cost of the pre-treatment assets.
In terms of improvement of treatment efficiency, such as increased volatile solids reduction, and
enhanced biogas production, all of the technologies described yield promising results however thermal
hydrolysis appears to be the most favourable approach currently.
4.8.1 Thermal Hydrolysis

Results from studies assessing the effectiveness of thermal hydrolysis yielded the following; an increase in
volatile solids removal in the region of 10-30%, an increase in biogas production by 30-60%, decrease in
digester volume of 60%, and dewaterability increase of 6-8% thus resulting in a reduction in operational
costs (electrical and chemical) (Lazarova, et al., 2012).
Thermal hydrolysis pre-treatment (THP) involves the application of heat and pressure at the rate-limiting
hydrolysis stage of the AD process to breakdown the complex organic particles into more soluble
compounds. Cambi and Veolia Water offer THP technologies, both of which essentially use steam to
'pressure cook' the sludge.
The Cambi process is a batch process, which treats pre-dewatered sludge's (15-20% DS content) at high
pressure and temperature. The process occurs in three reactor vessels; the pulping tank which pre-heats
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the sludge, the pressurised vessel where high-pressure steam (12 bars) is added to attain a temperature of
approximately 155°C and a pressure of approximately 8 to 9 bars, and finally the flash tank (Cambi, 2013).
Prior to discharge from the second pressurised vessel reactor, there is a pressure drop to approximately 2
bars to achieve cell lysis. The steam released is recirculated to the first reactor where it is utilized to pre
heat the feed sludge. The sludge cools down in the third reactor. The sludge has to be cooled to 35°c prior
to digestion, which is achieved by heat exchangers for producing hot water, and through dilution (STOWA,
2006). The pressure drop process softens the cell walls allowing the release of the cell contents. The
process dissolves the insoluble carbohydrates and proteins which makes the sludge more readily
degradable and digestible during AD.
BioThelys is also a batch process, which operates with basically the same principle of applied heat (165°c)
and pressure (9 bars); however it does not have the pressure drop cell disintegration stage (Veolia Water,
2013).
Thermal Hydrolysis has the ability to pasteurise the sludge to produce a Class A biosolid. In some cases this
could result in the diversion of digested sludge's from thermal drying facilities post AD, therefore reducing
operating expenditure of expensive thermal drying technologies. Both processes are designed to enable
the process to be driven by biogas and waste heat produced elsewhere within the WWTP, as their primary
energy inputs, thus offsetting the costs of imported electricity.
Other advantages of these technologies include improved sludge dewaterability and reduced dewatering
costs, savings on capital expenditure for extra AD assets as AD units can receive more pre-treated sludge,
improved digestibility, increased volatile solids destruction rate, increased biogas yields, and reduced
sludge disposal costs (Camacho, et al., 2008).
However it must be stated that the Cambi technology is relatively complex which operates at elevated
temperatures and pressure. BioThelys is a less complex process with only one reactor. Another
disadvantage of these processes is that dewatering of sludge is required to 14-20% DS before treatment.
This results in increased operational costs; also the sludge post treatment must be re-diluted down again
prior to AD.
Thermal treatment can generate recalcitrant compounds due to the operating temperatures. These
compounds are organic in nature and are not easily biodegraded. These compounds result in increased
nitrogen levels in the treated effluent, and a reduction in UV disinfection efficiency. Temperature
reduction from 165°c to 140°c has shown reductions in recalcitrant compound formation albeit on a
demonstration scale (Dwyer, 2008).
4.8.2 Ultrasound
Ultrasound pre-treatment involves the application of ultrasonic acoustic waves at varying frequencies (20
kHz or greater) to the sludge, which effectively breaks down the cell wall of the sludge, yielding a more
digestible sludge.
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The acoustic waves create a very high temperature and pressure within the sludge. This process causes
cavitation, which results in sludge disintegration. During the expansion phase of the acoustic waves the
sludge is broken up. Small cavities or bubbles continually form and fill with water vapour or gas within the
sludge. During the ensuing compression phase of the acoustic wave, these bubbles implode (Horan, 2011).
The implosion of the gas bubbles, or sonication, creates extreme shear forces that rupture the bacterial
cell walls (Hogan, 2004).
The equipment consists of a transducer, a horn, and a vessel to hold the liquid, all of which exist within a
reactor. The transducer produces vibrations, and the horn (probe or sonotrode) transmits the vibrations
through immersion in the liquid, which is being sonicated. It is a very quick process with treatment times
in the region of seconds. Also the treated sludge leads to a reduction in digester retention time.
Ultrasound pre-treatment is mainly applied to WAS. The technology is very effective in cell disintegration
and commonly utilised in Europe, particularly in Germany. Ultrasound technology results in increased
biogas yields, with some plants in Germany observing biogas yields increasing by 45-50% (Bartholomew,
2002). Another advantage is that the treatment does not generate the kinds of recalcitrant side products
such as those created by thermal hydrolysis as previously discussed.
A disadvantage of this technology is that the sonicator horn has to be replaced regularly (operating life of
years) due to the deteriorating 'pitting' effect of the cavitation process on its surface. Also, as sludge is a
complex mix of water, dissolved and suspended solids, and cells it can be very difficult to scientifically
establish the optimum ultrasound frequency to ensure cell rupture. Consequently a lot experimental
optimisation work has to be completed. It is also difficult to establish the optimal arrangement of horns
and the reactors size for peak performance. This is evident also in the different companies technologies
set up, all offer varying arrangements but all are ultimately trying to achieve the identical goal; achieving
cell destruction using minimum power inputs.
Ultrasound technologies have been reported to be the highest energy users of all the pre-treatment
technologies. A study assessing the technologies treating 18,000 tds/yr (50% Primary and 50% WAS split
mix) found the power usage of the ultrasonic technology to be in the region of 675 kWh/tds compared
with 310 kWh/tds for thermal hydrolysis technology (Jolly & Gillard, 2009).
4.8.3 Mechanical - Pressure Homogenisation
Mechanical pre-treatment technologies aim to destroy the bacterial cell walls. Rapid changes in pressure
stimulate shock waves and cavitation in the sludge. This results in the release of the cell contents, yielding
a more digestible sludge with increased digester throughput and increased biogas yields.
The technologies utilise pressure homogenisation, a process whereby a high-pressure homogeniser speeds
up a liquid using a pressure difference. If sludge is subjected to pressure homogenisation; the increase in
velocity results in the creation of shearing forces and cavitation bubbles. This action ultimately results in
the destruction of the cell wall.
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The Microsludge process involves a chemical addition stage. Sludge, which has been filtered and put
through a high-speed mixer, is incubated for one hour with a chemical such as sodium hydroxide. This
results in a weakening of the bacterial cell walls. The sludge then undergoes homogenisation, where it is
accelerated up to the speed of sound due to the large pressure difference. This process takes
approximately 2 microseconds (Rabinowitz & Stephenson, 2006).
The Crown process does not have a chemical addition stage; instead the sludge is diverted to a relaxation
tank prior to the pressure homogenisation. Following the relaxation process the sludge goes through a
macerator and mixer before passing though the high-pressure homogeniser. The resulting sludge post
treatment is a more digestible sludge. Also the sludge post treatment has an elevated temperature in the
region of 20-25°c. This is advantageous as it reduces the energy required to heat the sludge to the
temperature required for AD, a minimum of 37°c for MAD (Siemens , n.d.).
Volatile solids destruction rates and consequent increases in biogas yields from this method of pre
treatment are comparable to other pre-treatment methods such as thermal hydrolysis. However as high
pressure pumping is involved in the process the sludge's viscosity needs to be reduced prior to treatment.
As already mentioned Microsludge uses a coarse filter and chemical addition to reduce the viscosity of the
sludge, whilst the Crown process uses a macerator. There may still be issues with blockages following
these methods of viscosity reduction. Other issues with these processes include health and safety issues
with respect to the process operating at high pressures, although the high-pressure phase is very short.
4.8.4 Mechanical - Lysate- thickening centrifuge
A lysate thickening centrifuge is a mechanical sludge disintegration method; essentially a thickening
centrifuge with a rotating set of knives. Prior to digestion the WAS is thickened from approximately 1% up
to 6% dry solids. One method to achieve this thickening is by centrifuge, however Lysatec have developed
a centrifuge, which can achieve sludge disintegration as well as sludge thickening.
The centrifuge that performs the thickening remains the same technology. The modification device can be
retrofitted to the outlet point of the dewatered sludge on existing centrifuge assets. A centrifuge with this
technology is termed a lysate thickening centrifuge, and the modified unit termed a lysate ring. The lysate
ring is a ring shaped chamber mounted at the outlet of the centrifuge. Within the chamber there are a
total of 4 rotating knives, 10cm long that effectively macerate the sludge as it passes through the device
(STOWA, 2006).
A major advantage of this type of technology is that the capital costs can be very low compared to the
other pre-treatment technologies if the plant already has thickening centrifuges on-site. The only
expenditure in that case would be the cost of the lysate ring.
To conclude Section 4.8, it is decided that Thermal Hydrolysis is the most appropriate sludge pre
treatment technology. The Cambi THP unit will be assessed in the CBA model for LMD. THP offers many
advantages, however it is most suitable for LMD as it yields a Class A sludge which means the energy
intensive drier may not be required thus reducing energy and operational costs at the plant.
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4.9 Co - Digestion
Co-digestion is the anaerobic digestion of high calorific food wastes and organic matter (including fats, oils
and greases - FOGs) with sewage sludge. These food wastes and FOGs can contain up to three times the
energy of sewage sludge, and when digested with the sludge can boost the biogas yields, whilst also
providing a more sustainable waste management solution for these wastes. This is in keeping with the EU
landfill directive, where each member states targets for the diversion of biodegradable municipal waste
(BMW) from landfill facilities need to be met (CEC, 1999). Consequently new alternative approaches in
dealing with the BMW are essential to help meet these targets and co-digestion provides one such
alternative approach.
FOGs and food waste have high volatile solids content ranging from 80 to 90% and a correspondingly high
volatile solids (VSS) destruction ratio. VSS destruction ratios have been reported to range from 70 - 80% in
mesophilic processes, therefore resulting in little residuals remaining after digestion (Gray, et ai., 2008)
(WERF, 2011). Therefore co-digestion, although it involves an increase in waste acceptance to the plant,
does not result in a major increase in sludge which needs to be disposed of, as most of the content is
destroyed during digestion.
As previously mentioned in Section 4.3.1, the optimum C:N ratio for AD is approximately 25:1 or 30:1.
Primary sludge has a C:N ratio of approximately 15:1 and WAS has a C:N ratio of approximately 5.4-6:1.
However food waste has a much higher C: N ratio of approximately 30:1 (Aqua Enviro Technology
Transfer, 2010). Considering that the optimum C:N ratio range is between 25-30:1, the co-digestion of
sewage sludge with organic and food wastes will improve the important nutrient balance, thus improving
the biogas yield.
FOG biogas production rates are higher, with reported values of up to 1.3 mVkg of VSS destroyed,
compared to typical sewage sludge gas production rates of approximately 1.0 mVkg of VSS destroyed
(WERF, 2011). Recent studies have shown that the addition of FOG has a synergetic effect on the digestion
process, with higher biogas yields than would be expected if the sludge and FOG feedstocks were digested
separately (WERF, 2011). Attentive management of the AD co-digestion process is required for optimum
operations. Current facilities which carry out co-digestion report varying FOG to sewage sludge feed ratios.
However for stable digester operation FOG feed rates of up to 30% of the total digester feed volatile solids
have been reported (Cao, 2011).
The practice of co-digestion is proving successful in some parts of the US and the EU. Co-digestion is
currently not carried out in the UK or Ireland, as barriers exist to prevent its progression. The UK however
has two co-location plants; where food waste and sewage sludge are digested in separate digesters on the
same WWTP site.
In the UK and Ireland regulatory barriers exist, which make co-digestion difficult to implement. A clarity
regarding regulation for co-digestion is required. It appears to be unchartered water for regulators;
therefore there is a reluctance to provide transparency regarding the regulations. The issue in the UK
arises, as there are two associated agencies (water utility companies manage the WWTPs and sewage
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sludge and the local authorities manage the waste) and different legislation documents which need to be
satisfied - sewage sludge regulations, the Environment Agency (EA) food permit regulations and the
animal by-products regulations. Sewage sludge does not require permitting for disposal, whilst food waste
does. In Ireland the local authorities manage wastewater and waste facilities, and two legislation
documents which need to be satisfied - sewage sludge regulations and animal by-products regulations. A
decision needs to be made to clarify what permitting or exemptions will apply to co-digestion with regards
the end-product for disposal. If this is achieved it may make co-digestion easier to implement.
Also an operational and technical barrier to co-digestion is that there must be guaranteed digester
capacity for the food wastes and FOGs into the future. A waste management plan and strategy for a region
would be required to outline a long term plan and strategy of waste quantities, collection strategies and
digester capacities.
The method in which the waste is accepted to a site can cause several issues. Household waste collection
systems e.g. cornstarch bags in the UK, or biodegradable brown bin bags in Ireland, which may have been
suitable for composting can cause issues for digesters. Therefore there would need to be a change in
either the method by which the waste is collected or the waste bags would have to be pre-treated prior to
digestion. This is a real issue, but it is one, which could be easily overcome with combined action and
education within communities regarding waste segregation and collection. Food waste disposers, termed
insinkerators, installed in the household could be an option to eliminate collection issues.
Co-digestion faces challenges in terms of additional operational and capital expenditure in dealing with
food waste acceptance at the plant. The packaging and plastics associated with food waste can cause
operational issues. The food waste on acceptance to a WWTP needs to go through a series of steps to
remove all packaging prior to digestion, which increases the expenditure. The waste usually requires
manual loading into a shredder where it is de-packaged. Then the waste requires mixing, blending and
dilution prior to pumping into a pre-treatment unit for thermal treatment. When dealing with food waste
thermal treatment is required to comply with the animal by-products regulations. It is important to get the
waste acceptance working correctly and efficiently at the start and at the right cost.
In Oakland California, East Bay Municipal Utility District (EBMUD) WWTP was the first wastewater
treatment facility in the US to implement co-digestion. Waste collected from local restaurants and markets
were brought to the WWTP where it is pre-treated prior to mixing with the sewage sludge and the AD
process. The biogas produced from the process is used to meet the heat and power demands of the plant.
The EBMUD waste pre-treatment system has been refined and is now a well-functioning system, which is
patented. Figure 17 below illustrates the lay out of the system. Initially the waste is pre-processed by the
waste haulier where large objects and ferrous metals are removed followed by a grinding process. The
EBMUD system then removes large debris with the rock trap and grinder, which is followed by the removal
of grit and plastics etc. with a paddle finisher. The paddle finisher yields a pulp, which is then added to the
digester (EBMUD, 2008).
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Figure 17: East Bay Municipal Utility District waste acceptance and pre-treatment AD system

Once the waste acceptance, collection and pre-treatment of the food waste is taken into account in the
initial planning stages and the system works correctly, these issues should not prevent a successful co
digestion site. In fact EBMUD exhibits that co-digestion can be successfully implemented to boost biogas
yields and to deal with the local organic wastes. BMW accepted for co-digestion at WWTP can also
generate revenue for the wastewater treatment plant through gates fees, which will compliment any
increased revenue from increased energy production.
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4.10 Summary
Chapter 4.0 aimed to explore 'energy' in WWTPs, through analysis of the overall energy balance. Topics
ranging from energy reduction to energy generation techniques, and how to enhance and improve energy
generation processes were deliberated.
The first most important point to consider when contemplating energy as a whole entity, including energy
neutrality and net energy positive possibilities within the energy balance, is the energy consumption. As
WWTPs are large energy consumers. Section 4.2 focused on specific energy reducing techniques which are
suitable for LMD in particular. In summary, as the AS process is the largest energy consumer, and taking
into account that energy efficient diffuse aeration and VSDs are already in place at LMD, the focus on
reducing energy consumption within the AS process, should concentrate on further enhanced DO control.
This can be achieved with the installation of ammonia sensors and improved by sensor based intermittent
aeration techniques. If AD is installed then side stream anaerobic treatment techniques of high ammonia
wastes is recommended. Finally, as the plant assets reach their life, all new equipment installed should be
the best available energy efficient technologies. All of these techniques combined should yield a reduction
in energy consumption.
The following subdivisions of Chapter 4.0 focused on the other aspect of the energy balance - energy
generation and optimisation techniques. Section 4.3 specifically concentrated on energy generation at
WWTPs through the biodegradation route of AD. Section 4.3.1 described the AD process in detail and the
intricacy of the process. The varying types of AD are outlined in Section 4.3.2 and following consideration
of all the processes it is decided that the most suitable type of AD for LMD is two-stage MAD. This will be
considered in the life cycle cost benefit analysis (CBA) which follows in Chapter 7.0. This process is very
well suited to WWTP as it does not require dewatering prior to treatment, it is a well-established with
abundant WWTP operational experience, and also it is a stable and robust technology. Additionally the
second digester does not require heating or mixing therefore reducing associated operational costs.
The subsequent sections 4.4, 4.5, and 4.6 focused on the valuable by-product from AD, i.e. biogas. These
sections considered biogas composition, contaminants and cleaning and upgrading techniques. After
consideration of the varying types of biogas cleaning/upgrading techniques it is decided that the most
suitable technique for this project is the physical water scrubbing technique. This method has a high
number of reference facilities in the wastewater treatment sector, and it removes CO2, H2S, moisture and
a portion of the siloxanes.
Finally once the gas is cleaned, upgraded and ready for use. Section 4.7 investigated the appropriate
biogas uses. For this project and for the life cycle CBA which follows; digester heating only, CHP and direct
gas grid injection applications are considered. After researching the varying CHP technologies it was
decided that the most suitable and again conventional CHP technology for LMD is an ICE. This technology
is well well-known, cost effective, and has relatively good electrical efficiencies of approximately 35%
(which is better than microturbines and Stirling engines). Fuel cells with the highest available electrical
efficiencies are not considered due in this case due to their current high capital cost.
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Grid injection will be considered as a biogas utilisation application option in comparison to CHP for the
LMD scenario development, however as it is currently not practiced in Ireland, the data for the CBA is be
based on UK or European data.
Section 4.8 highlighted various pre-treatment technologies to improve the AD process. Following in-depth
analysis of the available technologies, it was decided that thermal hydrolysis is the most suitable pre
treatment technology for LMD. Particularly; the Cambi technology will be assessed in the CBA in the
following sections. Cambi technology offers many advantages for LMD; primarily that it yields a Class A
biosolid, therefore negating the requirement for the expensive and energy intensive dryer at LMD. Also as
the main feedstock from the current LMD process is WAS, the THP process could unlock the WAS
additional energy by breaking down the cell walls thus increasing VS destruction. Also Cambi pre
treatment results in improved digestion and dewatering thus reducing dewatering and disposal costs. AD
capital costs are reduced due to the reduction in volumes following THP pre-treatment. Other advantages
include increased VS destruction thus increased biogas and subsequent energy production.
Finally, section 4.9 considered co-digestion of sewage sludge with food wastes and FOGs. Co-digestion
looks very interesting theoretically; however there are issues with its implementation practically. Co
digestion although currently not practiced in the UK or Ireland will be assessed as an energy generation
optimisation technique within the CBA for LMD. Co-digestion offers many advantages in that it can act as a
waste management solution, whilst also improving the AD process and biogas production once added in
the correct ratios. Once the manner in which the food wastes and FOGs are collected and accepted are
established and working correctly, the synergistic effects of co-digestion yield an increase in biogas, thus
energy production. In Ireland clarity with regards regulations will need to be addressed, but once this
happens there is no reason why co-digestion cannot improve WWTP AD processes.
To conclude Chapter 5.0 will concisely outline the energy generation scenarios for LMD which will be
assessed
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5.0 Limerick Main Drainage Scenarios
A set of three main scenarios were developed to investigate sustainable energy generation possibilities at
Limerick WWTP. The scenarios were developed based on the decisions which were made during the
scenario development stage in Chapter 4.0. The scenarios will be assessed in the CBA model to compare
and contrast the different scenario alternatives, and the results will be discussed in detail in Chapter 7.0.
Ultimately the most financially viable energy generation scenario for LMD WWTP will be highlighted in the
CBA model.
In brief the three scenarios examine the installation of a two- stage Mesophilic Anaerobic Digestion (MAD)
facility at LMD WWTP. As MAD technology does not result in complete pathogen destruction, scenario one
includes that the drier is still required to operate to yield the Class A biosolid required.
Scenario 2 involves the installation of a two -stage MAD facility at the plant also; however this scenario
involves the installation of a Cambi THP pre-treatment facility prior to the MAD facility. Given that the THP
process yields a Class A biosolid, this scenario assumes that the drier operation is no longer required.
Scenario 3 involves the installation of a two-stage MAD facility at the plant, in combination with a Cambi
THP pre-treatment unit as described for Scenario 2 above, however scenario 3 involves the additional co
digestion technique.
With regards to biogas end-use, all scenarios as described above look at using the biogas to provide heat
for the digester, utilising the biogas in a CHP to produce heat and power for internal and/or external uses,
and finally utilising the biogas for direct gas grid injection. Each scenario is outlined below and is illustrated
by a process flow diagram.
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5.1 Scenario 1 - Mesophilic Anaerobic Digestion (MAD)
As already stated, MAD is considered to be the most apt technology for sludge stabilisation and energy
generation at LMD. Scenario 1 investigates three different biogas utilisation techniques; digester heating
only, CHP or direct gas grid injection. Figure 18 below demonstrates the process flow of the proposed
scenario. As MAD does not yield a Class A biosolid, drier operation is still proposed in this scenario.

Figure 18: Scenario 1 Process Flow - Mesophilic Anaerobic Digestion
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5.2 Scenario 2 - Pre -treatment Technology prior to MAD
To improve the MAD process, scenario 2 includes a pre-treatment stage prior to the MAD process; namely
the Cambi B2 THP process with a capacity ranging from 1500 - 6600 TDS/yr. Cambi THP technology has
been proven to enhance VS reduction, increase biogas production, reduce sludge volumes, improve
dewaterability; hence decreasing the cost of dewatering and sludge disposal costs. As this process yields a
Class A sludge, scenario 2 presumes that the drier is no longer required. Figure 19 below demonstrates the
proposed process flow of scenario 2.
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Figure 19: Scenario 2; THP and MAD
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5.3 Scenario 3 - Co -Digestion, Pre-treatment prior to MAD
To increasingly improve energy production and boost biogas yields, scenario 3 includes the addition of
FOGs and food waste to the process. Co-Digestion of FOGs and food waste can have a synergistic effect (if
correctly mixed and optimised); where the feedstock's co-digested produce more biogas than if digested
separately. Co-digestion offers a waste management solution, and other benefits include increased
revenue through gate fees and increased biogas yields. Figure 20 outlines the proposed process flow.
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Figure 20: Scenario 3: THP, MAD and Co-Digestion
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6.0 Laboratory Analysis
6.1 Introduction
As defined previously the context and case study element of this project focuses on Limerick Main
Drainage WWTP, its sludge management operations and proposed energy generation possibilities.
Anaerobic Digestion is recommended as the sludge stabilization and energy generation technique for the
WWTP sludge's.
AD ensures that the se\A/age sludge produced within the WWTP is utilized to produce useful energy in the
form of biogas; whilst also providing a digestate which is a substitute for manufactured fertilizers. In this
way pollution is minimised and there is an associated reduction in GHG emissions through consuming
biogas as an alternative to conventional fossil fuels. AD is an effective solution to environmental, energy,
economic and social concerns. Moreover, AD therefore addresses the pillars of sustainability.
The main objective of this Chapter is to address research question number 3; i.e. what is the energy
content of the sludge at Limerick WWTP. Therefore the key motivation of this Chapter is to evaluate the
biogas production from the sludge's produced at the WWTP.
The aim of this laboratory research is to investigate the biogas and bio-methane potential of the different
WWTP sludge substrates; specifically the primary sludge (PS), the thickened secondary sludge (WAS), and
a dewatered sludge mixture of the PS, WAS from the WWTP process and imported sludge's from Limerick
County. An additional purpose of this laboratory study is to determine the total solids (TS), fixed solids (FS)
and volatile solids (VS) concentrations of the substrates also.

6.2 Health & Safety Considerations
Prior to commencement of the laboratory analysis, research work was carried out to ensure that all health
and safety regulations and rules were considered, and that the correct college procedures were followed.
The following health and safety documents listed in Table 11 were considered and evaluated:
Doc
Ref

Date read

13
28
3
11

11/7/13
10/6/13
16/7/13

17PI13

Document Title
Personal Protective Equipment Policy (Rev 3)
Lone Working Policy (Rev 3) DCSEE
Risk Assessments (Rev 4)
Standard Operating Procedures (Rev 4)

Table 11; CIT Health & Safety Documents

To comply with the college's health and safety procedures it was necessary to complete the following
documents prior to commencing any laboratory analysis:
1.

Lone Working Procedure

2.

Two Safety Method Statements as follows:
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•

Methodology for the determination of the total, fixed and volatiles solids of wastewater
sludge from LMD.

•

Determination of the biomethane potential yield of sludge from LMD.

Once all the documents were prepared for the laboratory analysis they were checked and signed by a
number of staff members. Following the nomination of two buddies for the lone working procedure the
document was signed off on by the laboratory technical officer, project supervisor and the head of
department. The method statements were then written and signed off on by the technical officer and
project supervisor. Copies of the method statements are presented in Appendix A.

6.3 Materials and Methods
6.3.1 Materials Used
The materials used in this study are PS, thickened WAS, dewatered sludge mix (PS, WAS and Imported
sludge mix), and the anaerobically digested sludge inoculum. The PS, WAS and dewatered sludge were
collected from Limerick WWTP, and the inoculum was collected from the Carbery Milk AD facility in
Ballineen, Co. Cork.

6.3.2 I ota! Solids, Fixed Solids and Volatile Solids
Firstly the substrates were characterised. To that end, the first task involved the determination of the
substrates TS, FS and VS concentrations. Detailed methodologies for these procedures are outlined in
Appendix B. However in brief, the TS concentrations were determined by drying a known substrate weight
in an oven at 105°C for a minimum of 12 hours, or overnight, and measuring the weight after drying. The
TS was calculated using the TS calculation formula as follows:
mg TS per kg

=

Wtotal-W empty dish

X 10^

W sample-W empty dish

1

( )

To determine the FS and VS content, the dried samples from the TS analyses above were combusted in a
furnace at 550“C for approximately 3 hours, and the weight of the ash was measured and recorded as
Wvoiatiie The FS and VS content was calculated using the calculation formulas as shown in equation 2 and 3.
mg FS per kg =

mg VS per kg =

Wvoiatiie—Wemptydish

X 10^

W total—W empty dish

Wtotal-W volatile
W total-W emptydish

X 10^

(2)

(3)

The TS, FS and VS content of each of the substrates was determined initially on the day of sampling, and at
the beginning of the experiment on the day of reactor preparation prior to digestion. Following the 30 day
digestion period, the TS, FS and VS content of the digested mixture in each of the reactors were
established also. All analyses were completed in triplicate to maintain a level of reproducibility and
statistical significance.
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6.3.3 Biomethane Potential (BMP) Assays
Following the substrate characterisation, the substrates were prepared for the BMP assays. The BMP
methodology involves the batch anaerobic digestion of the substrates and the control inoculum, where
the substrate and inoculum are digested over a period of 30 days under mesophilic temperature
conditions (25-45°C).
The timescale for the laboratory analysis was approximately six weeks. The laboratory analysis was
scheduled to take place from the 22"^^ of July 2013 to the 30^^ of August 2013. The limited testing window
available was due to logistical issues associated with laboratory equipment availability. Once the
equipment became available the degassing of the inoculum occurred. Degassing of the inoculant prior to
digestion of the substrates reduces the quantity of background gas produced by the inoculant in the
substrate reactors and the controls, thus resulting in a more accurate biomethane measurement
associated with the substrate only. Degassing normally takes 5-7 days, however in this case due to the
high level of bacterial activity within the inoculum the degassing phase was extended to 9 days. After 9
days the BMP tests had to get underway to ensure the digestion period of 30 days was observed before
the laboratory testing window closed on the 30^^ of August.
A total of three samples from LMD WWTP; the PS, WAS and dewatered sludge mix, and a control (digested
sludge inoculum only) were tested to ascertain their BMP yield. Due to the high variability possible when
working with a complex living system such as that within anaerobic digester reactors, and due to the
sensitive of the anaerobic bacteria which do all the work within the reactors, each substrate reactor and
the control were prepared in triplicate. This ensures reliability, reproducibility and statistical significance of
the batch testing procedure and subsequent results. Therefore a total of 12 anaerobic digesters termed
'reactors' were incubated in two incubators (6 reactors per incubator) at 39°C (+/- 1°C) over the digestion
period. These 12 reactors were monitored for gas production on a daily basis during this laboratory scale
batch digestion testing. The results presented hereafter are the average of the three triplicates for each
experiment unless otherwise indicated.
The three samples and the inoculum which were tested in triplicate were set out in the incubators as
follows:
1.

Primary sludge (PS) which are labeled “A" in Incubator 1

2.

Secondary sludge (WAS) which are labeled "B" in Incubator 1

3.

Dewatered sludge mix sample which are labeled “C” in Incubator 2

4. Triplicate set of controls are labeled “D” in Incubator 2

6.3.4 BMP Assays - Gas Measurement
The reactors were prepared according to the inoculum to substrate ratios. The l:S ratio is an essential
element to consider when setting up the BMP reactors. The ratio is significant as it must ensure that there
is a sufficient microbial population within the inoculant to biodegrade the organic matter within the
substrate. The 1:5 ratio can affect the performance of the batch test as if there is insufficient
microorganisms present, there will be insufficient activity which will reduce the biodegradation of the
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substrate, thus resulting in low biogas yields. However if there are too many microorganisms present,
there will be too much activity and excessive biogas yields.
This test procedure used an l:S ratio of 5: 1 based on the VS content, a ratio which was established from
previous BMP studies in CIT. In the individual 1000 ml glass bottles or 'reactors', 400 grams (g) of inoculum
was added followed by the addition of a calculated substrate weight (approximately 70 g of substrate)
based on the inoculum to substrate (l;S) ratio of 5:1 (on a VS basis). The exact substrate weights and
reactor contents are visible in the reactor preparation sheets in Appendix B. Once the correct I: S ratio was
added to each reactor, the reactor was then topped up with water to the 900ml marking as per Figure 21.
To evaluate the effect of the inoculum on gas production levels, a set of blank or 'control' assays were
prepared in reactors by adding 400 grams of inoculant only and topping with water to the 900ml marking.
The set of controls were prepared in triplicate like the substrates to maintain a high level of
reproducibility.

I
^

100 ml Headspace

Water up to 900 ml
mark

Substrate based on
l:S ratio

400 g inoculum

Figure 21: Prepared Reactor Diagram

The reactors were sealed and capped and attached to the gas measurement system as outlined in detail in
the BMP assay methodology in Appendix B. The inoculant and substrate mix within the reactors, was
incubated in a water bath under mesophilic conditions, at approximately 39°C (+/- 1°C) for a period of 30
days.
The quantity of biomethane produced was measured using a volumetric liquid displacement method. The
gas production was monitored on a daily basis to ensure a precise and reliable representation of gas
production over the incubation period. The background methane produced from the inoculum in the
control assays was subtracted from the biomethane production obtained from the substrate assays. This
was completed to ascertain the level of gas being produced by the inoculant within the reactors, so that
the actual biomethane result will take into account biomethane produced by the substrate alone.
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The reactor connected to the gas measurement system is visible in Figures 22 and 23. The red arrow
denotes the biogas produced. The diagram shows the flow of the biogas through the gas collection system.
Initially the produced biogas flows out of the reactor and into a solution of sodium hydroxide (NaOH)
which effectively chemically scrubs the biogas, thus removing contaminants such as carbon dioxide and
hydrogen sulphide. Once the contaminants have been removed from the biogas it can then be termed
biomethane. The green arrow signifies the biomethane flow. As can be seen from Figure 22 once the
biomethane leaves the chemical scrubbing flask it flows in the gas collection bottle. As the biomethane is
measure based on a volumetric liquid displacement method, the water displaced (denoted by the blue
arrow) then flows into the water collection bottle. The water collected was then weighed on a daily basis,
and the cumulative biomethane at the end of the 30 days determines the substrate biomethane potential.

^ 1 lb

1

t

b1

v J
Reactor

NaOH Solution

Gas Collection

Water Collection

Figure 22: One reactor connected to gas measurement system

V

Figure 23: BMP Reactor Configuration
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6.4 Discussion of Results
6.4.1 Sludge Characterisation Results

The characteristics of all of the substrates from Limerick WWTP with respect to TS, FS and VS content are
listed in Table 12. As is evident from the table all of the substrates tested have reasonably similar high VS
content; with the thickened WAS sample having the highest VS content at 82.85%. PS VS content values
quoted in literature are slightly lower, with Metcalf and Eddy indicating PS VS content in the region of 6570%, whilst the WAS VS is quoted to be in the region of 80%.
Average TS
Content %

Average FS
Content %

Average VS
Content %

6.36

18.31

81.69

Thickened (WAS)

4.90

17.15

82.85

Dewatered Sludge Mix

23.12

18.83

81.17

Sample Description
Primary Sludge

Table 12: Total, Fixed and Volatile Solids concentrations of substrates

The TS, FS, VS results of the prepared reactor contents prior to digestion and post digestion are listed in
Tables 13 and 14. In comparing the TS content results from Tables 13 and 14, it is highlighted that there is
not a significant reduction in sludge volume following the digestion process. This highlights that the main
objective of the digestion process is to stabilise the sludge, and not to reduce the sludge volume.
Average TS
Content %

Average FS
Content %

Average VS
Content %

Primary Sludge Reactor

9.24

21.72

78.28

Thickened (WAS) Reactor

10.63

24.99

75.01

Dewatered Sludge Mix Reactor

13.41

23.06

76.94

Sample Description

Table 13: Total, Fixed and Volatile Solids concentrations of reactor contents prior to digestion

Average TS
Content %

Average FS
Content %

Average VS
Content %

Primary Sludge Reactor

8.55

21.20

78.80

Thickened (WAS) Reactor

9.74

26.32

73.68

Dewatered Sludge Mix Reactor

8.26

28.12

71.88

Sample Description

Table 14: Total, Fixed and Volatile Solids concentrations of reactor contents post digestion
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6.4.2 Biomcthane Potential Assay Results

The biomethane potential in terms of VS was calculated based on the cumulative methane produced
results divided by the VS added. The biomethane produced based on mass was calculated based on the
cumulative methane produced divided by the substrate added. The calculations are shown in Equations 4
and 5 respectively. The BMP results are listed in Table 15.
Cumulative CH4 Production for Substrate Only (mis)

(4)

KS Added ig)

Cumulative CH4 Production for Substrate only (mis)

(5)

Substrate Added (g)

Methane Potential

Methane Potential

Substrate

L CH4/kg VS

L CH4/kg of Substrate

Primary Sludge Reactor

-90.59

-74.00

WAS Reactor
De-watered Sludge Mix Reactor

-135.24
205.75

-112.05
167.02

Table 15; Methane production from the sludge substrates obtained from the batch test

As can be seen in Table 15 the PS and WAS substrates yielded very poor BMP results. This is visible in
Figure 24 also which shows the indicative cumulative biomethane results over the digestion period. There
was effectively no biogas produced in either of the PS and WAS reactors. The reason for the inadequate PS
and WAS reactor performance will be discussed later.
The PS result is unexpected given that PS is a highly digestible sludge normally, which results in high biogas
yields. Some reports suggest PS biogas yields, if digested separately, in the region of 300 to 350 L CH4 per
kg VS feed; up to approximately 500 L CH4 per kg VS feed (Kepp & Solheim, 2000) (Aqua Enviro Technology
Transfer, 2010). This is due to the fact that the PS has not been biologically treated to remove the COD
load in the WW, therefore more carbon (C) is available for CH4 production than with the WAS which has
undergone biological AS treatment where a portion of the C has been converted to CO2.
One would expect the WAS biomethane potential to be lower than the primary sludge, with some studies
reporting WAS only BMP results ranging from 140 to 210 L CH4/kg VS (Carrere, et al., 2010). The WAS is
typically more difficult to digest and results in lower biogas yields than the PS if digested separately, as the
cells walls of the bacteria are more difficult to break down following AS treatment.
Both of these samples, which were completed in triplicate, produced less overall gas than the control
assays, thus these results must be disregarded and cannot be relied upon as the control reactors produced
more gas over the digestion period.
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As can be seen in Table 15, the dewatered sludge mix reactor which contained the mixture of the PS, WAS
and imported sludge performed the best in terms of biomethane potential results. These results are also
visible in Figure 24 below which shows the indicative cumulative gas production results for all the
substrates. The dewatered sludge mix is indicated by the substrate legend indicator D. Mix 1, D. Mix 2, D.
Mix 3).

Figure 24; Weight of displaced water versus time over the digestion period

Table 15 shows that the ultimate methane yield expressed per kg of VS and per kg of substrate is lower for
the PS and WAS than the dewatered sludge mix of primary, WAS and imported sludge. In fact, the
methane yield for the PS and WAS substrates are negative values, due to the fact that the cumulative
methane production for the substrate only was less than the cumulative methane production for the
inoculum controls over the digestion period. As already stated the PS and WAS results cannot be relied
upon.
However as already highlighted the dewatered sludge mix indicated positive results, with an average
biomethane potential of approximately 206 L CH^kg VS and in terms of mass 167 L CH^kg of substrate.
The biomethane potential of the mixed sludge is slightly lower than findings from studies analysing mixed
sludge BMPs, with results ranging from 260-291 L CH4/kg VS (Kepp & Solheim, 2000).
Figure 25 below exhibits the cumulative methane production in terms of VS produced by the dewatered
sludge mix over the 30 day digestion period. Figure 25 shows that the majority of the methane was
released during the first 10-15 days of the test. This shows the trend that as the batch test is put on, and
as a specific amount of substrate or food is fed to the hungry active bacteria, the initial surge of gas
production occurs in the first few days as the easily digestible material is broken down and digested. Gas
production slows down after the initial easily degradable material is digested and the bacteria then have

Aoife Moloney

Page 64

Laboratory Analysis
to spend more time on the more complex, less digestible matter in the reactor which takes longer to
digest.
Cumulative Dewatered Sludge Methane Production
300

•D.Mixl
•D.Mix2
D.Mix3

Time (Days)

Figure 25: Cumulative Methane Production for the Dewatered Sludge Substrate

The meagre biomethane potential yield in the PS and WAS samples was found to be primarily due to an
issue with the l:S ratio during the reactor preparation phase. The l:S ratio used for this batch test, as
already outlined, was 5:1 based on the VS. However this ratio was based on dry solid data and it was
applied to wet weights in error. On further investigation it was found that the actual l:S ratios based on VS
dry weights used for each substrate were 10:1 for the PS, 13:1 for the WAS and approximately 3:1 for the
dewatered sludge mix. Thus the low biomethane yields from the PS and WAS can be attributed to the fact
that there was actually very little substrate in the reactors for the active bacteria to digest. The dewatered
sludge mix was not negatively affected as the ratio differential was less and there was sufficient substrate
for the bacteria to digest at the 2:1 ratio, thus yielding acceptable biomethane gas yields.
Also the higher ratios in the PS and WAS did not work out in this batch particularly due to the highly active
bacterial inoculum used. The very low levels of gas production in the substrate reactors were concealed by
the extremely high inoculum activity and subsequent gas production levels. In effect the high inoculum gas
yields had a masking effect on the low substrate gas yields.
Initially the anaerobically digested sludge or inoculum from Carbery Dairy utilised in this batch experiment
was degassed. The inoculum was a very fresh batch of digested sludge with highly active anaerobic
bacteria. Even after the normal degassing period of approximately 5-7 days, the inoculum was still
producing gas at a high rate. Therefore the bacterial activity levels were definitely high. A further two days
degassing saw continued increasing rates of gas production, but due to time restrictions as already
discussed the test had to be run after 9 days of degassing to allow sufficient time for the 30 days testing
and to ensure conclusion by the end of August so that the results could be included into this report. Figure
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26 exhibits the displaced water versus time which is indicative of the inoculum cumulative gas production
during the degassing stage.

Figure 26: Displaced Water versus time

As can be seen from Figure 26 there is a continued increase in gas production after 5 and 7 days therefore
the degassing was continued up to day 9. This high level of gas production from the active inoculum
resulted in the masking effect as described previously. If more time was available it would have been
allocated to the degassing stage to ascertain if the level of gas would reduce after a longer degassing
period, and analyse how this would affect the end methane potential result.
In the process of investigating the poor activity in the PS and WAS reactors, bacterial inhibition due to
adverse environmental parameters was also considered given that the digestion process and the bacteria
within the reactors are extremely sensitive to a myriad of environmental conditions which include adverse
pH, nutrients e.g. ammonia, or temperature. The pH and temperature parameters were investigated as
follows.
The water temperature of both incubators was measured on a daily basis throughout the 30 days
digestion period, both on the water baths themselves and by a portable hand held temperature
measurement probe. Both water baths containing the reactors operated within the mesophilic
temperature range throughout the digestion period.
The average temperature of the first water bath containing the primary sludge and WAS substrate
reactors was 39.6°C, and the average temperature of the second water bath containing the dewatered
sludge and the inoculum substrate reactors was 39.3°C; both of which are within the mesophilic range of
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25-45°C. It can be said that temperature did not result in inhibition of the primary and WAS substrates as
bacterial inhibition due to temperature occurs at the higher temperature range of 43°C and over.
The pH within each reactor was measured following the 30 days digestion period to ensure that the pH did
not result in or contribute to the bacterial inhibition. Analysis of the pH post digestion could establish if
there was an issue with low pH thus indicating a volatile fatty acid (VFA) build-up. The presence of VFAs
would result in the creation of an acidic environment within the reactor. As already stated the optimal pH
range is in the region of 7-7.2. However if the pH is lower than 6.2, the methanogenisis process is
adversely affected. The methanogenic bacteria become inhibited below pH 6.2 and the methane
production potential is reduced or eliminated.
The pH results post digestion are listed in Table 16 and show that the pH results are slightly above the
optimal range indicated above, however the conditions are not acidic. Therefore it can be said that acidic
conditions and low pH did not result in bacterial inhibition in the first two substrate reactors.
Reactor

pH

Reactor

pH

A1 (Primary)

7.55

Cl (Dewatered Mix)

7.79

A2 (Primary)

7.69

C2 (Dewatered Mix)

7.76

A3 (Primary)

7.66

C3 (Dewatered Mix)

7.98

B1 (WAS)

7.7

D1 (Inoculum)

8.11

B2 (WAS)

7.68

D2 (Inoculum)

7.79

B3 (WAS)

7.67

D3 (Inoculum)

7.8

Average

7.7

Average

7.9

Table 16; Reactor pH results post digestion

6.5 Conclusions
The BMP of the dewatered sludge mixture from LMD was established. The result is positive with
an average methane potential yield of 206 L CH^kg VS. The methane productivity of the
dewatered sludge mix in terms of mass is 167 L CH^kg substrate.
The PS and WAS samples which were digested individually were found to have insufficient
substrate added. These results were discounted due to the fact that the control produced more
gas over the digestion period than these samples.
Preliminary investigations demonstrate that adverse environmental conditions such as pH or
temperature did not contribute to any reactor inhibition.
Given the poor performance of the PS and WAS reactors and the issue with the l:S ratios, it is
recommended that the samples be retested. This would have been completed for this thesis if the
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laboratory testing window had allowed, but the six week period only permitted one set of BMPs to
be analysed (including the degassing stage).
Finally, although the dewatered sludge mix yielded a positive result of 206 L CH4 per kg of VS
(albeit slightly lower than 260-291 L CH4 per kg VS listed in other studies), the result will not be
used directly in the cost benefit analysis model. The result will however be used to compare and
corroborate the biomethane gas yields which will be calculated based on theoretical figures for
each of the individual feedstock's in the cost benefit analysis model. The weight of theoretical
figures for calculating the BMP in sludge is high and these values are used widely within the
WWTP Industry to calculate possible methane yields and as such have a level of inherent
reliability.
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7.0 Life Cycle Cost Benefit Analysis
7.1 CBA Model Design
The CBA nnodel itself consists of the detailed analysis of the 3 main scenarios as detailed in Chapter 5, and
it is the principal element of this thesis. The model is essentially based on the design load of the WWTP at
LMD. Each scenario is initially developed and then assessed under the headings:
•

CHP energy

•

Expenditure

•

Economics

These items are available for viewing in the 4 colour coded tabs assigned for each scenario in the
spreadsheet. An 'economic summary' tab exists at the end and this tab details the model results. Any
assumptions made and references for theoretical values are listed in the notes, formulas, and reference
column. The model spreadsheet is shown in Appendix C.
7.1.1 Scenario Development Tab

The scenario development tab focuses on all aspects of the AD system design. General plant design details
are input into the model initially. The plant process operational details are then input and data for each of
the proposed feedstocks is required. Data such as the total solids (TS) content. Volatile Solids content (VS),
sludge volumes and mass pre and post thickening are also input. Once the total volume of feedstock has
been calculated the calculations for digestion sizing can be completed.
The digester volume is calculated based on a two stage system, and two different hydraulic retention
times (HRT). The agricultural use of sewage sludge code of practice recommends the use of primary
mesophilic reactors with 12 days HRT, and secondary reactors with 14 days HRT. So this model is designed
to that specification. The total sludge volume is inserted into the allocated cell, as is the % DS of the
digester feed sludge and the HRT and the digester volume is then calculated by the following formula:
((TDS/yr V % DS)/365)

X

HRT. This process is then repeated for the second digester with the increased HRT

and then the two volumes are added to give a total required digester volume expressed in m^.
The following steps in the model calculate the theoretical biogas production rate. Biogas produced from
the AD process as already stated contains in the region of 55-70% methane. Methane and biogas have
calorific values of 37.78 and 21 MJ/m^ respectively (Murphy, 2006). This assumes 55.5% of the biogas is
methane, and this is the value which is utilised in the model for biogas methane content. Sewage sludge
characteristically has an energy value of 21 GJ/TDS, and the assumption of generating Im^ of biogas per kg
of volatile solids destroyed results in 21 MJ/kg of VS destroyed. This model assumes that 1 m^ of biogas is
produced for every kg of volatile solids destroyed for the primary, WAS and imported sludge. A yield of 1
m^ of biogas per m^ of reactor per day is expected to be an economically feasible project.
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To calculate the biogas produce the t/d of the thickened sludge feed is converted to kg, and subsequently
kg/VS/d taken into account the individual feedstock's VS content. Once the kg/VS/d of the feedstocks is
calculated the VS destruction rate is applied, in this model the VS destruction rate is assumed to be 40%.
Once this is input into the model the kg/VS/d destroyed is then calculated. Then based on the above
assumption that 1 m^ of biogas is produced from every kg of VS destroyed, the biogas production rate is
calculated and the result is expressed in m^ of biogas per day. When considering the co-digestion scenario,
the assumption that 1.3 m^ of biogas per kg of VS destroyed is made (Cao, 2011).
The next section of the model computes the theoretical energy produced or the energy in the biogas. The
energy is calculated by multiplying the biogas yield by the se\A/age sludge energy content of 21 MJ/m^ as
detailed previously. The energy content is expressed in MJ/d, GJ/d, and then the kWh/d and kWh/yr is
calculated.
As the biogas produced is commonly utilised to heat the incoming sludge to the required mesophilic
temperature range in the region of 25-40 °C, approximately 33°C, and subsequently to maintain that
temperature within the digester for the specified HRT, the model then calculates the energy which will be
required to heat the primary digester. The previously calculated digester volume and a seasonal average
heat demand of O.lkW/m^ are used in the calculation. The calculated energy required to heat the digester
is expressed in kW initially and then converted back to MJ/d and GJ/d. The percentage energy required to
heat the digesters is then calculated. This can range from approximately 20-50% according to literature
(SEAI, 2009). Finally once the digester heat requirement is calculated and accounted for, the surplus
energy is calculated. This is the energy which can be utilised elsewhere; either in CHP or gas grid injection
applications.

7.1.2 CHP Flnergy Tab
The CHP energy tab investigates the energy production possibilities if CHP was the choice biogas use
application. The biogas yield calculated previously is inserted into the allocated cell. Then the energy
content of Im^ of biogas and 1 m^ of biomethane is converted into kWh/m^. This model assumes a CHP
availability of approximately 90% which equates to 7,884 hours. The CHP efficiencies assumed for this
model are as follows; electrical conversion efficiency of 35%, and a heating conversion efficiency of 45%.
This then assumes a CHP system loss of 20%. The electrical and heating energy from 1 m^ of biogas is then
calculated, expressed in kWh. The annual electrical and heating energy production is then calculated, and
expressed in kWh. The results are also expressed in terms of MJ/d and GJ/d also. Once the energy has
been calculated, the electrical and heating requirements for the plant are input, and the surplus energy (if
any) is finally calculated.

7.1.3 Expenditure Tab
The expenditure tab takes into account the capital spend of the project. There are two different columns;
one for each of the biogas end-use applications. The first column considers the capital cost of the CHP
biogas application route, and the second column considers the capital costs of the upgraded biogas to grid
application route. Capital costs for the AD plant itself and all associated costs including buildings,
infrastructure and construction are outlined. It was quiet difficult to get exact costs for each item listed
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but the overall or total capital cost does include all the items. Kedco Pic. provided information on AD
capital expenditure based on previous similar sized projects which they have been involved in.
With regards the CHP end-use, the CHP costs are based on data from a recent 2012 report from Brown
and Caldwell 'Evaluation of Combined Heat and Power Technologies for Wastewater facilities'. The
approximate value for an ICE CHP unit is in the region of 1,000 euro/kW (converted from dollars) (Wiser,
et al., 2012). This cost is reported to include all ancillary equipment such as heat exchanger, dump
radiators, piping and cables.
The next cost to consider in the expenditure model is the grid connection costs. In Ireland this cost is
generally divided into the application cost and the physical connection to the grid. The costs for electricity
grid connection in this model are based on data from an RPS group presentation entitled 'Renewable
Energy Grid Connection' at the 2009 'SEI Planning for Renewables Forum'.
There is a section included for grants received either towards the feasibility study costs or the capital
expenditure (CAPEX). There are currently no government grants available specifically for CHP in Ireland;
however an assumption is made here based on the last set of government funding and grants which came
from the National CHP Deployment Programme from 2010. The assumption based on that grant scheme is
that a CHP project within the required specification is entitled up to 30% of the capital cost of the CHP unit
or a maximum of €1.5 million (SEAI, 2010). The Sustainable Energy Authority of Ireland (SEAI) recognized
the importance of the McDonnell Farms Biogas Facility in Shanagolden Co. Limerick, as a demonstration of
AD-CHP in Ireland and the SEAI supported the project financially with a grant of € 108,000 (SEAI, 2010).
An initial estimation of the operational expenditure (OPEX) is calculated as a percentage of the CAPEX in
this model. The percentage can vary from 5-10%, but a figure of 7% is utilised in this model (SEAI, 2009).
Insurance costs are calculated as 0.5% of the CAPEX in this case based on figures listed in the SEAI report
‘Economics of a Biogos Plant' (SEAI, 2009).
The next column analysing the biomethane to grid end-use application is based on the same calculations
as just described above for the CAPEX costs. However for this section the cost of the biogas cleaning and
upgrading needs to be input into the model. It must be stated here that as this method of gas grid
injection is currently not practiced in Ireland, all of the input data here is based on UK or European data.
As already mentioned water scrubbing is the technology of choice for this project. A recent paper
published in April 2013 by the European Research Group - Biomethane Regions, specifies indicative
verified capital costs from for biogas upgrading technologies including physical water scrubbing. The
report highlights costs ranging from €10,100 per mVhr for a 100 mVhr, to €5,500 per mVhr for a 250
mVhr, to €3,500 per mVhr for a 500 mVhr biomethane upgrading facility. This highlights that with biogas
upgrading facilities economy of scale is very important; larger plants are more economical. Given that the
estimated biogas yield calculated in the model varies depending on the scenario it should be noted here
that for Scenario 1 and 2 as approximately 250mVhr is produced, the cost of €5,500 per mVh is utilised in
the model. However as the gas yield in Scenario 3 increases to approximately 375mVhr, the cost of €3,500
per mVhr is input into the model.
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With regards to grid connection costs again data for this model is based on UK figures. Grid connection
costs in the UK can vary greatly depending on the type of grid connection arrangement between the
generator and the gas company. There are several mechanisms involved prior to actual injection to the
grid which include the upgrading facility, gas quality and calorific value (CV) monitoring, odorant storage
and injection, gas flow measurement, pressure control and telemetry. So the generator and supplier need
to decide and agree who is responsible for the system and which mechanisms each party operates. The
data entered in this model regarding gas grid connection costs is based on information from a 2012
presentation entitled; 'Securing Income, Biomethane Sales' by Peter Rayson from CNG Services Ltd.
The presentation outlines the cost of gas grid connection if the 'full entry facility' as detailed above is
owned and operated by the generator or connectee, and the cost of gas grid connection if the 'full entry
facility' is owned and operated by the gas network company. For this model it is assumed that the 'full
entry facility' is owned and operated by the connectee at an estimated cost of approximately 58,000 euro
(converted from approximately 50,000 GBP). If the gas company own, operate and take responsibility for
the entry facility then the costs increase, figures quoted in the Rayson presentation increase to
approximately 350,000 euro (converted from GBP).
Under the grants received heading there is 'no entry' based on UK data. The UK RHI incentive scheme
offers a premium price for biomethane injection to grid, however if one avails of the RHI scheme it is on
condition that the recipient is in receipt of no other grants or financial incentives. The UK RHI incentive will
be applied to the model in the economics section. Finally the initial OPEX costs are calculated as above
based on the figures suggested in the SEAI Report - 'Economics of a Biogas Plant'.

7.1.4 Kconomic.s l ab

The economics tab calculates the simple payback, the cumulative discounted payback the NPV, BCR and
IRR for each of the various scenarios. Each scenario investigated analyses the economic case in terms of
using the biogas for heating only (digester heating), CHP, or gas grid injection. The cash flow inflator figure
used in this model is an assumed 1.05. The cost of money or discount rate used is 6.62%. This discount
rate is based on recent Discount Rate medium term (5-20 years) figures for Q2 of 2013 from the
Government Department of Public Expenditure and Reform (Department of Public Expenditure and
Reform, 2013). The planning period for the project life assumed is a 20 year period.
An economics summary tab is available at the end tab of the spreadsheet which summarises each
scenarios key economic detail. It summarises the models economic results in terms of simple and
discounted payback, NPV, Benefit to Cost ratio (BCR), and the Internal Rate of Return (IRR). This summary
economics sheet can serve as a communication tool to highlight the costs and benefits of the each of the
scenarios to decision makers or interested parties.
Traditionally the simple payback method was utilised only as an initial indication as to whether a project
was feasible or not. However this is not an accurate calculation in considering the feasibility of a large 20
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year project, as it does not consider the time value of money or the long term cash flow. Historically these
simplistic calculations yielded inadequate information regarding project feasibility, which in turn resulted
in unreliable decision making. The basic simple payback calculation cannot be relied upon in considering
large AD/CHP projects today, and certainly not in an environment with restricted capital spending and
increasing energy and operational costs. A biogas project cannot be accepted or rejected based on the
simple payback method alone.
The discounted payback, NPV, BCR and IRR calculations in combination with the simple payback offer a
greater understanding of the complex economics of such projects. These parameters consider the entire
life cycle costs and the long term value of a project. These calculations conduct long term analysis for long
term investments and are briefly described as follows. The combination of all of these methods combined
provides assurance and confidence in the final project outcome of whether the project should be accepted
or rejected.
Simple Payback
The simple payback is the time required for a project to payback the original CAPEX through the use of
annual operating savings. The simple payback is basically the time that it takes for an asset investment to
pay for itself. The simple payback is calculated by dividing the original CAPEX by the annual OPEX savings.
As already mentioned this calculation is unreliable as it omits the critical factor - time value of money, and
it also ignores the overall net savings of a project in relation to the projects costs.
Discounted Payback
The discounted payback, unlike the simple payback, does take into account the time value of money. This
calculation is used to ascertain the cost effectiveness of a project. The discounted payback result indicates
the number of years it takes a project to reach the break-even stage. That is to say, the discounted
payback outlines the number of years to pay back the projects initial capital investment. A project may not
have a discounted payback period result - if the project NPV (explained below) is a negative result, as the
initial capital investment will never be completely repaid. If that is the case this model will indicate 'Never'
as the result for the discounted payback. For this project, if the discounted payback calculated result is less
than 10 years, the life cycle CBA model results indicate that the project should be accepted. If the
calculated result is 'Never' - then the project should be rejected.
Net Present Value (NPV)
The NPV basically relates to the value that a project will deliver over time or the overall value of a project
over its lifetime. The present value is the current value of future cash flows with a discount rate applied.
The NPV is calculated as the difference between the present value of the annual savings or benefits and
the annual costs of an alternative. NPV calculations involve numerous discounted cash flows which are
changed into present value terms. The calculation is sensitive to the discount rate, so a change in this
figure can affect the final output. With regards to NPV data analysis of results, if the NPV result is greater
than zero, i.e. the total project value exceeds the value of the costs then the project should be accepted.
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For this project, if the NPV calculated is more than zero, the CBA model results indicate that the project
should be accepted.
Benefit to Cost Ratio (BCR)
The BCR ratio compares the present value of savings to the present value of costs, and is defined as the
ratio of discounted benefits to the discounted costs. The BCR is calculated in this model based on the NPV
result and the maximum capital at risk (MCR) result, where the MCR is the most negative result from the
set of cumulative present value results. In this model the NPV result is divided by the MCR result and the
resulting figure is added to one to yield the BCR result. With regards to BCR data analysis of results, the
general rule applies that if the BCR is greater than one, i.e. the benefits surpass the costs of the project
then the project should proceed. Within this model, if the BCR ratio calculated is more than one, the CBA
model results indicate that the project should be accepted.
Internal Rate of Return (IRR)
The IRR is the rate at which the NPV is zero. The IRR can be calculated in excel using the excel function;
IRR. The IRR function is typed in and the function then prompts the user to enter a range of figures for the
calculation. The project net cash flows over the projects lifetime are highlighted and then the function
prompts the user to enter a guess value. This request for a guess value can be ignored and once the
formula is entered the IRR is calculated. For this project, if the IRR calculated is more than the original
discount rate, the CBA model results indicated that the project should be accepted. The higher the IRR
from the discount rate, the more confidence the decision maker should have in the project; for example if
the IRR is 20%, this is a good IRR as it indicates that an alternative investment has to be higher than this
20% to be more financially attractive than this project.
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7.2 Scenario 1
Scenario 1 involves the installation of a MAD system in conjunction with the drier operation to ensure a
Class A biosolid. The biogas uses which will be assessed in the CBA model are heating only, CHP and direct
grid injection.
As already mentioned the CBA model initiates the life cycle financial feasibility by concentrating on all
aspects of the proposed AD system design based on the plants design capacity of 4,500 TDS/yr. It should
be noted that the plant actually processed 4,212 TDS in 2012. The proportions of PS, WAS and imported
sludge used in the model are based on 2012 plant data, as is the % DS data which is input into the model.
Finally, the VS data used in the model are from the lab analysis conducted for this research, which are
listed in Chapter 6.0 also.
The scenario development tab key design outputs are evident in Table 17. As can be seen from the table
the total digester volume required is 6,106 m^. The estimated theoretical biogas yield from the MAD
process is 4,051mVd. This equates to an approximate biogas energy content of 8,624,625 kWh/d. Based
on a seasonal average digester heating requirement of approximately 0.1kW/m^ and given that in a twostage MAD system only the primary digester requires heating, it was calculated that the energy required
to heat the primary digester in this case is in the region of 3,085,714 kWh/d. It may be noted from the
data in the table that the quantity of biogas required to heat the digesters in this case is in the region of
36%. The surplus energy produced from the biogas in this case is 5,538,911kWh/d.
Key Output Data - Scenario 1 MAD with Drier
Digester Volume

Data
6,106

Unit
m^

Biogas Yield

4,051

mVd

Energy in Biogas

8,624,625

kWh/d

Energy to heat Digester

3,085,714

kWh/d

Surplus Energy

5,538,911

kWh/d

Table 17: CBA Model Scenario 1 Development Key Outputs

The next section in the CBA model assesses the feasibility of installing a CHP system, with an assumed
electrical conversion efficiency of 35%, heat conversion efficiency of 45%, thus 20% losses. These
efficiencies are typical of the well-established ICE CHP technology. As biogas is cited to have an energy
content of 21 MJ/m^, the energy content of 1 m^ of biogas was calculated to be 5.83 kWh/m^ given than 1
kWh equates to 3.6 MJ.
Using the above information, it was found that 1 m^ of biogas used in the CHP system described can
produce approximately 1.84 kWh of electricity and 2.36 kWh of heat. It was also determined that this
system can produce in the region of 7,443 kWh/d or 2,716,757 kWh/yr electricity and 9,570 kWh/d or
3,492,973 kWh/yr heat. This energy can either be utilised to meet a portion of or all of the plants parasitic
energy demands or it can be exported to the grid.
The plants current and assumed MAD energy requirements are listed in Table 18. As can be seen in the
Table the drier consumes the majority of the energy. If the electrical energy produced from the CHP
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system; approximately 2.7million kWh/yr, was utilised onsite to meet the sites current electrical energy
requirement, the demand would not be met. There would be a shortfall of electrical energy in the region
of l,926,620kWh/yr. This shortfall would have to be met by importing electricity off the grid to meet the
required demand. With regards the heat produced from the CHP, if the 3,492,973 kWh/yr produced was
put towards meeting onsite requirements, the digester heating requirements would be met, and there
would be a surplus of 407,259kWh/yr. As is proposed in this scenario that the drier will be running, this
surplus could be used to meet a small portion (~4%) of the driers heating requirements, and the remaining
96% of drier energy requirements would have to be bought in.
It is decided for this model, given the current REFIT III price of 0.15 €/kWh gained for 'green' electricity,
compared to the average electricity cost of 0.121 €/kWh, that it is more advantageous to export all of the
electricity produced, and to buy in electricity to meet the sites internal demands. This is done for each of
the three scenarios in the CBA model.
Electrical Energy Required for STC and WWTP

4,643,377

kWh/yr

Heat Energy Required for Drier
Heat Required for Digester (No Drier)

9,473,112
3,085,714

kWh/yr
kWh/yr

Table 18; LMD WWTP Energy Requirements

The capital expenditure of the proposed scenario; MAD with the biogas applications of CHP and direct grid
injection, was assessed in the next section of the model. In considering the CHP option initially, the
reported invested capital expenditure for the MAD assets; including construction, buildings and
infrastructure equated to €2.0 million. The ICE CHP technology with an approximate capacity of 345kW,
and all ancillary equipment, has a reported cost of approximately €344,591, whilst electricity grid
connection costs equate to approximately €50,145. An assumed CHP capital grant based on a 2010
government support scheme for CHP was applied to the model, which resulted in an overall capital spend
of €2,291,359.
The capital expenditure of the direct gas grid injection scenario is slightly different. The MAD asset capital
cost is the same at approximately €2.0 million, however the biogas cleaning and upgrading facility of the
water scrubbing technology, including all ancillary equipment, is reported to be in the region of
€1,375,000 based on a 250mVhr capacity biomethane facility. The grid connection costs based on UK data
equate to approximately €58,190, and it is assumed that there are no capital expenditure grants based
again on UK data, particularly the Renewable Heat Incentive (RHI) scheme. Therefore the overall capital
expenditure for this scenario is approximately €3,433,190.
The economics section investigates scenario 1 and the biogas uses. The first section investigates the
financial benefit of using the energy produced for digester heating only. The second section investigates
the financial benefit of using CHP, and the third section investigates the financial benefit of using direct
gas grid injection. The discounted present value, proposed annual revenue, operating costs, net cash flow,
and the financial metrics described earlier such as payback periods, NPV, IRR and BCR are highlighted. The
summary of the key economic outputs is found in the final tab of the CBA excel model and in Table 19.
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Key Financial Output Data Scenario 1 - MAD with Drier
Item

CAPEX
Annual OPEX Savings
Simple Payback Period

Data Analysis: (Criteria > duration)

Digester Heat
only

CHP-Heat &
Electricity

Gas Grid
Injection

Units

2,000,000

2,291,359

3,433,190

euro

344,985

530,942

555,464

euro

5.80

4.32

6.18

years

Accept

Accept

Accept

Discounted Payback Period

Never

Never

Never

Data Analysis: (Criteria > duration)

Reject

Reject

Reject

-13,238,159

-13,843,911

-18,131,394

Reject

Reject

Reject

Net Present Value

Data Analysis: NPV Criteria (Criteria: > 0)

years

euro

Table 19: Key Financial Outputs for Scenario 1

As can be seen from Table 19 scenario 1 is not cost effective for any of the biogas utilisation techniques. At
first glance the simple payback appears to look good, and being less than 10 years one would think that
this investment may be a good one. However, the simple payback does not consider the time value of
money and it overlooks the yearly net cash flows after the payback has been achieved. The simple payback
also places too much importance on liquidity as a key metric for capital expenditure decisions. To that end
the simple payback alone cannot be relied upon as a key metric for decision making for large capital
projects. As can be seen from the table the discounted payback period result was dismal with no payback
anticipated within the first 20 years. Given this result the model indicates that this project be rejected on
all counts. The NPV results were equally discouraging and the model indicates, given the negative NPV
results of €-13,238,159, €-13,843,911 and €-18,131,394 for digester heating only, CHP and direct grid
injection respectively, that the project be rejected on all counts again. The financial analysis was not
examined further in this case due to the consistency of the metrics above indicating that the project
should be rejected.
The financial CBA model result for scenario 1; which involved the installation of MAD, whilst maintaining
operation of the drier to produce a Class A biosolids, was very negative. This project development based
on scenario 1 should not proceed.
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7.3 Scenario 2
Briefly, scenario 2 involves the installation of a pre-treatment method such as a Cambi THP unit prior to
MAD, thus negating the requirement for the drier as the THP process yields a Class A product.
The initial tab, scenario development, outlines the overall MAD and THP process system design. The key
outputs for scenario 2 scenario development are highlighted in Table 20. As can be seen from the Table
there are significant estimated improvements as a result of the Cambi THP pre-treatment prior to MAD.
The digester volume is reduced by approximately 52% to approximately 2,914 m^ There is an estimated
33% increase in biogas yield, with a new theoretical biogas yield in the region of 6,076mVd. The resultant
theoretical energy in the biogas increases to approximately 12,936,937 kWh/yr, and as the digester
volume has been reduced, so too has the digester heating requirement. The energy produced provides
enough energy to heat the digester process at 1,472,727 kWh/yr, and as there is no drier energy
requirement, there is an estimated surplus energy of 11,464,210 kWh/yr.
Key Output Data - Scenario 2 - THP and MAD, no Drier
Digester Volume
Biogas Yield

Data
2,914

Unit
m
mVd

6,076
12,936,937

kWh/yr

Energy to heat Digester

1,472,727

kWh/yr

Surplus Energy

11,464,210

kWh/yr

Energy in Biogas

Table 20: CBA Model Scenario 2 Development Key Outputs

The next section of the model examines the feasibility of the biogas application CHP. The CHP efficiency
assumptions and biogas energy content are identical to those described for scenario 1. However with the
increase in biogas yield following pre-treatment, it was found that the CHP system can now produce in the
region of 11,165 kWh/d or 4,075,135 kWh/yr electrical energy, and in the region of 14,355 kWh/d or
5,239,460 kWh/yr heat energy. This energy can be used to meet a portion of the plants requirements or it
can be exported.
Table 21 exhibits the new proposed plants energy requirements. As there is theoretically no drier, the
energy demand reduces significantly. Also as the pre-treatment process reduces the volume of sludge and
hence the volume of the digesters, the energy requirement to heat the digesters is also reduced. As
already mentioned any electricity produced via CHP would be exported due to the higher tariff rate
available. However it should be noted here that if this energy was to be used to meet the sites electricity
requirements, the CHP produced electricity would meet approximately 88% of the sites electricity
requirements. As the CHP could produce in the region of 5,239,460 kWh/yr of heat, the digester heating
requirements would be met 100%, with surplus heat in the region of 3,766,732 kWh/yr.
Electrical Energy Required for STC and WWTP

4,643,377

kWh/yr

Heat Energy Required for Drier
Heat Required for Digester (No Drier)

1,472,727

kWh/yr
kWh/yr

Table 21: Scenario 2 Energy Requirements
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The capital expenditure tab of the model details the capital expenditure for this scenario 2, considering
CHP and direct gas grid injection as the biogas application options. According to Cambi, the capital cost for
a Cambi B2 THP unit, with a capacity ranging from l,500tDS/yr up to 6,600tDS/yr is in the region of €1
million. Given that dewatering is required pre thermal hydrolysis, an estimated capital cost for a centrifuge
is also included. As the digester volume is reduced, the capital cost of the digesters is also reduced; the
new volume of approximately 2,914 m^ has an associated cost of approximately €100,000. Taking into
account all of the above details, and the remaining construction, buildings, infrastructure and ancillary
equipment the total cost for both the CHP and gas grid injection routes at this stage is €1,850,000.
The CHP costs are estimated to be in the region of €539,550 based on a 517 kWeiCHP unit capacity, whilst
the electricity grid connection costs are reported to be in the region of €50,145. Assuming a 30% grant
towards the CHP capital grant based on the previously mentioned government CHP deployment
programme from 2010, the estimated total capital expenditure for this scenario equates to €3,361,966.
The gas grid injection costs comprising the biogas cleaning and upgrading facility of the water scrubbing
technology, including all ancillary equipment, is reported to be in the region of €1,375,000 based on a
250mVhr capacity biomethane facility. The grid connection costs based on UK data equate to
approximately €58,190, and it is assumed that there are no capital expenditure grants based again on UK
data, particularly the Renewable Heat Incentive (RHI) scheme. Therefore the overall capital expenditure
for gas grid injection in scenario 2 is approximately €4,383,190.
The economics section investigates scenario 2 economics, and the proposed biogas utilisation techniques.
The first section investigates the economic value of using the energy produced for digester heating only.
The second section investigates the economic benefit of using CHP, and the third section investigates the
financial benefit of using direct gas grid injection. The discounted present value, proposed annual revenue,
operating costs, net cash flow, and the financial metrics described earlier such as payback periods, NPV,
IRR and BCR are calculated. The summary of the key economic outputs is evident in Table 22 below.
As can be seen from the Table it is not financially viable to install THP in conjunction with MAD and to
utilise the biogas for digester heating only. The model results indicated that this approach should be
rejected. The financial calculations are concluded after the NPV value is calculated as the model has
indicated the rejection of the project. However the other two biogas utilisation routes explored for
scenario 2 have a more positive result, with the model indicating that it is financially viable to use the
biogas via CHP or direct gas grid injection.
Comparing the two positive result biogas end*use applications for scenario 2; the CHP use appears to be
the more favourable approach. The simple payback of each option is very similar at approximately 5 years;
however as already discussed this is not a robust calculation as it does not consider the time value of
money. The discounted payback results are 9.23 and 10.69 years for the CHP and gas grid injection routes
respectively. If a decision maker was relying on this result alone, the preferred option would be the CHP
route with the lower discounted payback result. The model indicates that the CHP application should be
accepted as the discounted payback result is less than 10 years.
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Key Financial Output Data Scenario 2 - MAD, pre-treatment, No Drier
Item

Digester Heat only

CHP - Heat &
Electricity

Gas Grid
Injection

Units

2,950,000

3,361,966

4,383,190

euro

CAPEX
Annual OPEX Savings

58,909

670,179

953,117

euro

Simple Payback Period

50.08

5.02

4.60

years

Data Analysis: (Criteria > duration)

Reject

Accept

Accept

Discounted Payback

Never

9.23

10.69

Data Analysis: (Criteria > duration)

Reject

Accept

Reject

3,364,740

3,277,595

Accept

Accept

Net Present Value

-

6,176,127

Data Analysis: NPV Criteria (Criteria: > 0)

Reject

Benefit Cost Ratio (BCR)

N/A

years

euro

2.00

1.75

Data Analysis; BCR Criteria (Criteria > 1.0)

Accept

Accept

Discount Rate, i

6.62%

6.62%

%

15%

13%

%

Accept

Accept

Internal Rate of Return (IRR)

Data Analysis: IRR Criteria (Criteria > i)

N/A

ratio

Table 22: Key Financial Outputs for Scenario 2

The NPV results of €3,364,740 and €3,277,595 for CHP and gas grid injection respectively are positive.
Once the NPV is greater than zero the decision maker can have confidence that the project will make
money over its lifetime and that it is a worthwhile, economically feasible project to invest in. In this case
the again, the CHP application appears to be the more positive result and a decision maker would most
likely opt for the project with the higher NPV.
The BCR ratio results indicate the benefit to cost ratio for the particular project. If the BCR is greater than
one, which it is for both the CHP and grid injection applications, the project is deemed profitable. The BCR
results of 2.00 and 1.75 for CHP and gas grid injection respectively are encouraging. Normally the higher
the BCR the better the investment, therefore in this case again as the CHP biogas application BCR result is
2.00, this is the more preferable option from an investment point of view.
Finally the IRR results for each biogas application yield a positive result; the model indicates that at 15%
and 13% for CHP and grid injection applications respectively, both projects are acceptable. These figures
give increased confidence to the investor that this project is worth investing money in, and that an
alternative investment proposal would have to be over 13 or 15% to render this project uneconomical.
Generally the higher the IRR, the more confidence the decision maker can have that the project is an
investible one.
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Considering all of the above results for scenario 1, it can be concluded that the most appropriate
financially viable project would be to install THP prior to MAD, and to utilise the biogas in a CHP unit. The
electricity produced can be exported to the grid and the digester heating requirements will be met also.

7.4 Scenario 3
Concisely scenario 3 consists of the combination of co-digestion (food waste and FOGs) with the
installation of a Cambi THP unit prior to MAD as described in scenario 2. Again, this scenario assumes no
drier requirement as the THP produces a Class A biosolid.
The scenario development tab outlines the overall MAD, THP and hypothetical co-digestion system design.
The key outputs for scenario 3 development are highlighted in Table 23. As can be seen from the Table
there are significant projected improvements as a result of the combination of Cambi THP pre-treatment
prior to MAD, and the addition of FOGs and food waste through co-digestion. Due to the increased volume
in food waste and FOG, and to guarantee a certain capacity for food waste into the future, the digester
volume is increased by 20% to a capacity in the region of 3,623m^.
Key Data - Scenario 3 - Co Digestion, THP and MAD
Digester Volume

Data
3,623

Unit
m

Biogas Yield

8,744

mVd

Energy in Biogas

18,616,702

kWh/yr

Energy to heat Digesters

1,831,091

kWh/yr

Surplus Energy

16,785,612

kWh/yr

Table 23: CBA Model Scenario 3 Development Key Outputs

However it should be noted that although there is an increase in waste throughput through the plant,
there is not a dramatic increase in sludge due to the increased volumes being fed into the digester. This is
due to the fact that FOGs and food waste possess high volatile solids content, in the region of 80-90%
depending on the substrate, however due to the correspondingly high volatile solids destruction rate in
the region of 70-80%, most of what enters the digesters is broken down therefore reducing the volume of
digestate output from these particular feedstock's.
The benefit of co-digestion is that due to the synergistic effects of digesting these wastes together and the
acceptance of the higher calorific wastes, there is an estimated resultant increase in biogas yield also of in
the region of 31% from scenario 2 biogas yields. By accepting approximately 27 m^/d thickened of food
waste and FOGs, there is a resulting estimated biogas yield in the region of 8,744m^/d. This results in a
theoretical energy content of the biogas in the region of 18,616,702kWh/yr.
Food waste and FOG acceptance at the WWTP also has the advantage of generating revenue through gate
fees. If the WWTP operator achieved a price of €20/m^, this would result in an increase in revenue in the
region of €200,000 per year.
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The digester volume heating requirement increased due to the increase in digester volume for this
scenario. However the energy produced still provides enough energy to heat the digesters, meeting their
heating requirement of l,831,091kWh/yr, and as there is no drier energy requirement, there is an
estimated surplus energy of 16,785,612kWh/yr.
The model then inspects the viability of the biogas application route of CHP. The CHP efficiency
assumptions and biogas energy content are identical to those described for scenario 1 and 2. However
with the increase in biogas yield following co-digestion, it was found that the CHP system can now produce
in the region of 16,066 kWh/d or 5,864,261 kWh/yr electrical energy, and in the region of 20,657 kWh/d or
7,539,764 kWh/yr heat energy.
Table 24 below exhibits the new proposed plant set-up energy requirements. As there is theoretically no
drier requirement, the energy demand reduces significantly. As the co-digestion process results in an
increase in the volume of the digesters; the energy requirement to heat the digesters increases slightly. As
already mentioned any electricity produced via CHP would be exported due to the higher tariff rate
available.
Electrical Energy Required for Plant

4,643,377

kWh/yr

Heat Energy Required for Drier
Heat Required for Digesters (No Drier)

1,831,091

kWh/yr
kWh/yr

Table 24: Scenario 3 Energy Requirements

However it should be noted here that if this energy was to be used to meet the sites electricity
requirements, the CHP produced electricity would meet approximately 100% of the sites electricity
requirements, with a surplus of l,220,884kWh/yr.

As the CHP could produce in the region of 7,539,764

kWh/yr of heat also, the digester heating requirements would be met 100%, with a surplus of heat in the
region of 5,708,674kWh/yr.
Thus scenario 3 results yield an energy neutral facility. Through a combination of process improvement
stages ranging from reducing energy consumption due to the removal of the drier requirement, to
increasing energy generation through a combination of pre-treatment and co-digestion, LMD WWTP
theoretically becomes an energy positive plant.
The capital expenditure tab of the model details the capital spends for scenario 3, considering CHP and
direct gas grid injection as the biogas application options. The capital cost for the Cambi B2 THP unit,
including a dewatering technology prior to pre-treatment, and considering the new digester volume for
co-digestion and the remaining construction, buildings, infrastructure and all ancillary equipment; the
total cost for both the CHP and gas grid injection routes at this stage is €3,100,000.
The CHP costs are estimated to be in the region of €743,818 based on a 744 kWeiCHP unit capacity, whilst
the electricity grid connection costs are in reported to be in the region of €50,145. Assuming a 30% grant
towards the CHP capital grant based on the previously mentioned government CHP deployment
programme from 2010, the estimated total capital expenditure for this scenario equates to €3,670,818.
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The gas grid injection costs comprising the biogas cleaning and upgrading facility of the water scrubbing
technology; including all ancillary equipment, is reported to be in the region of €1,750,000 based on a
SOOmVhr capacity biomethane facility. The suggested biomethane facility capacity had to be increased
from the specification of Scenarios 1 and 2 due to the increase in biogas yield to approximately 375mVhr.
The grid connection costs based on UK data equate to approximately €58,190, and it is assumed that there
are no capital expenditure grants based again on UK data, particularly the Renewable Heat Incentive (RHI)
scheme. Therefore the overall capital expenditure for gas grid injection in scenario 3 is approximately
€4,908,190.
The economics section investigates scenario 3 economics, and the proposed biogas utilisation techniques.
The first section investigates the economic value of using the energy produced for digester heating only.
The second section investigates the economic benefit of using CHP, and the third section investigates the
financial benefit of using direct gas grid injection. The discounted present value, proposed annual revenue,
operating costs, net cash flow, and the financial metrics described earlier such as payback periods, NPV,
IRR and BCR are all calculated. The summary of the key economic outputs is shown in Table 25 below.
Scenario 3 - MAD, pre-treatment, co-digestion. No Drier

Digester Heat
only

CHP - Heat &
Electricity

Gas Grid
Injection

Units

3,100,000

3,670,818

4,908,190

euro

Annual OPEX Savings

73,244

952,883

1,382,521

euro

Simple Payback Period

42.32

3.85

3.55

years

Data Analysis: (Criteria > duration)

Reject

Accept

Accept

Item

CAPEX

Discounted Payback

Never

5.84

4.79

Data Analysis: (Criteria > duration)

Reject

Accept

Accept

-6,092,729

7,658,926

13,417,019

Reject

Accept

Accept

Net Present Value

Data Analysis: NPV Criteria (Criteria: > 0)

years

euro

3.09

3.73

Data Analysis: BCR Criteria (Criteria > 1.0)

Accept

Accept

Discount Rate, i

6.62%

6.62%

%

23%

27%

%

Accept

Accept

Benefit Cost Ratio (BCR)

Internal Rate of Return (IRR)

N/A

N/A

Data Analysis: IRR Criteria (Criteria > i)

ratio

Table 25: Key Financial Outputs for Scenario 3

As is evident from the Table it is not economically viable to install THP pre-treatment in conjunction with a
co-digestion MAD facility and to utilise the biogas for digester heating only. The model results indicated
that this approach should be rejected. The financial calculations are concluded after the NPV value is
calculated as the model has indicated the rejection of the project.
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However the other two biogas utilisation routes explored for scenario 2 have a more positive result, with
the model indicating that it is financially viable to use the biogas via CHP or direct gas grid injection. In
comparing the two positive results for scenario 3; the direct gas grid injection use appears to be the more
favourable approach. This would correspond with the literature that direct gas grid injection only becomes
financially viable at a larger scale, where the plant can pay off easier due to economy of scale advantages.
The simple payback of each option is very similar at approximately 3 years; however as already discussed
this does not consider the time value of money or the income received after the project has reached
payback. The discounted payback results are 5.84 and 4.79 years for the CHP and gas grid injection routes
respectively. If a decision maker was relying on this result alone, the preferred option in this case would be
the direct gas grid injection route with the lower discounted payback result of 4.79 years.
The NPV results of €7,658,926 and €13,417,019 for CHP and gas grid injection respectively are more
positive than scenario 2. As already stated if the NPV is greater than zero the decision maker can have
confidence that the project will pay off and that it make money over its lifetime. A positive NPV indicates
that the project is an economically viable project to invest in. In this case again, the gas grid injection
application performs better and a decision maker would most likely opt for the project with the highest
NPV, in this case the gas grid injection option.
If the BCR is greater than one, the project is deemed profitable. The BCR results of 3.09 and 3.73 for CHP
and gas grid injection respectively are positive. Typically the higher the BCR the better the investment,
therefore in this case again, with a BCR result of 3.73, the gas grid injection biogas application is the more
preferable option from an investment point of view.
Lastly the IRR results for each biogas application yield a confident outcome; the model indicates that with
an IRR result of 23 and 27% for CHP and grid injection applications respectively, both projects are
acceptable. These figures give increased confidence to the investor that the project is worth investing in.
As already mentioned the general rule is that the higher the IRR, the more confidence the decision maker
can have that the project is an investible one. In this case the direct gas grid injection is the preferred
option.
To conclude, the most appropriate fiscally sustainable project for scenario 3 is to clean and upgrade the
biogas to biomethane and to utilise the biomethane for direct gas grid injection.
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7.5 Conclusions

Scenario 1 calculated the biogas potential based on theoretical figures which resulted in a biogas
yield of 4,051 mVd. Based on a methane content of 55.5%, this equates to a biomethane yield of
2,252 mVd. The dewatered sludge mix BMP results outlined in Chapter 6.0, resulted in a
biomethane potential yield of 206 L CH4 per kg of VS. Given that the cost benefit model calculated
the total feedstock VS/d at Limerick WWTP to be 10,127 kg VS/d, this equates to a biomethane
yield of 2,086 mVd biomethane. Therefore the theoretical results compare well with the factual
laboratory results.
The life cycle CBA model established that scenario 1, which involved the installation of a MAD
facility which was proposed to be used in conjunction with the drier already onsite is not a
financially viable or sustainable energy resource recovery option for LMD WWTP.
It can be concluded that the CBA model recognised that under scenario 2, which investigated the
feasibility of installing a THP unit prior to a MAD thus negating the requirement of the direr, that
the most cost effective approach is to utilise the biogas is in a CHP unit. The electricity produced
can be exported to the grid, and the plants heating requirements will be met. There could be a
possibility to find a local use for the surplus heat generated from the CHP. This will need further
investigation but if a source was found the CHP scenario results would improve further.
The CBA model established that scenario 3 is overall the most financially viable and sustainable
resource recovery option for LMD WWTP. Scenario 3 results in a possible energy positive plant. It
was found that both CHP and grid injection options are feasible, however the most fiscally
beneficial approach is to utilise the biogas produced is via direct grid biomethane injection.
However as already mentioned as this practice is currently not completed in Ireland, this scenario
is based on assumptions, mainly based on UK data. In the UK biomethane to grid has excellent
government support in the form of the RHI, which offers a premium price of 6.7p/kWh
(7.8cents/kWh euro equivalent) for biomethane. Therefore it should also be noted that the
outcome of this option is dependent on government support and an attractive financial incentive
to the biomethane producer. Also this option appears to become more feasible as the plant size
increases, suggesting economy of scale of the plant is also a critical factor. Other local
circumstances such as fuel prices, gas quality and gas transmission and distribution locations are
also critical factors to be considered when investigating biomethane to grid feasibility.
It should be noted again that the CBA model was based on a STC design capacity of 4,500 TDS/yr.
In 2012 the STC operated at 94% capacity, where it processed in the region of 4,212 TDS/yr. Hence
as the plant is very close to reaching its original design capacity, any future upgrade design plans
for the plant would need to be up-scaled to take into account future loadings. If this occurs, the
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scenario results described here based on 4,500 TDS/yr would only improve. Any increase in
loading will result in an increase in biogas yields, thus resulting in further financial benefits for the
scenarios as a result of benefits from economies of scale.
Finally, scenarios 1, 2 and 3 focused primarily on the energy generation aspect of the energy
balance as discussed in Chapter 4.0. Further improvements in terms of energy neutrality and
financial benefits can be achieved through the implementation of improvements in reducing
energy consumption onsite. As discussed in Section 4.2.1 it is recommended that the dynamic
aeration control of the activated sludge system is improved with the insertion of ammonia probes
and/or the utilisation of sensor based intermittent aeration control.
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8.0 Template for Energy Resource Recovery
8.1 Introduction
The main focus of this thesis was the case study element on LMD WWTP and the associated CBA model
developed and laboratory analysis completed. However given the overall potential of energy RR from
WWTPs, it was decided to briefly address the development of a suitable energy RR template to initially
establish an energy baseline and assess process optimisation techniques.
As identified in the Literature Review there a number of WWTPs which are leading the way in terms of
energy recovery, enhanced sustainability and energy self-sufficiency, prominent examples of which include
Strass WWTP in Austria and Werdholzli WWTP in Switzerland. Moreover the scenario development and
CBA model developed for LMD WWTP in this project demonstrate that through a series of specific energy
reduction and energy optimisation techniques that energy self-sufficiency is an attainable goal for WWTPs.
The challenges for existing WWTPs in attaining a net energy neutral plant include initial process
performance optimisation, consistent benchmarking, and the application of proven best practice
techniques and innovative technologies. Energy benchmarking has been carried out for years in European
WWTPs (e.g. Austria, Switzerland, Germany), with several countries establishing guidelines for energy
optimisation and energy reduction programmes. As a direct result of these continuous efforts WWTPs
within these regions are achieving energy self-sufficiency.
There are a number of methods and routes through which a WWTP can achieve energy self -sufficiency,
with no one perfect solution available to fit all WWTPs. A combination of best practices, innovative
technologies, and process adaptations can combine, depending on the individual WWTPs energy
requirements, sustainable development goals, and local circumstances, to achieve enhanced energy
sustainability and self-sufficiency.
It is anticipated that the preliminary energy RR template designed for this project, can serve as a tool for
assessing the energy RR potential and to guide WWTP managers and operators through the early stages of
bench marking and process optimisation. The template will also serve to indicate a series of appropriate
tools and best practices available to achieve energy self-sufficiency. It is anticipated that template will
enable the user to assess and select a combination of solutions that consider both energy efficiency and
environmental performance.
The ultimate vision for the energy RR template tool is that it will enable WWTP managers and operators to
design an individual site specific approach to achieve a net energy neutral plant, or to eventually achieve a
net energy positive plant. The tool will demonstrate a series of steps which target energy consumption
reduction and energy generation optimisation, which can be utilised in combination to achieve energy
self-sufficiency.

Aoife Moloney

Page 87

Template for Resource Recovery
It should be noted that this template is in its initial stages currently as the CBA model and laboratory
analysis were the main focus of this study, however it is recommended that further work is required to
develop the template so that it can be used to demonstrate scalability and transferability of energy RR
within the WWTP Industry. Also future studies could include developing the energy RR template further,
to extend the template to include nutrient and water RR also.

8.2 Questions Considered
In keeping with the overall energy RR approach for this project, the energy RR template aims initially to
ascertain the facilities basic process information including design specifications and the WWT processes
which the plant utilises to treat the incoming WW. The layout of the template probes the current process
configuration and whether any of these processes are being optimised already through the use of a drop
down menu to facilitate ease of use. The template also probes the baseline energy consumption onsite.
The template shown in Appendix D is an example of the developed template applied to LMD WWTP.
Section 1 of the energy RR template records the preliminary site and process data. This section aims to
build up a picture of the current WWT processes onsite, e.g. if there is primary sedimentation, or what
type of secondary treatment exists; is it an energy intensive activated sludge extended aeration process
or an MBR process. Once the basis processes are established, the template investigates if these basic
processes have been improved in any way. For example if there is primary settlement tanks (PSTs), how
effective are they, and what percentages of suspended solids are being removed. By investigating how
well the primary sedimentation process is performing, the level of process enhancements required can be
gauged. If there is an AD plant onsite, it is essential to optimise the primary settlement tanks, as any
carbon removed in this stage is converted during digestion to produce methane, thus improvements here
result in higher biogas yields, also in removing carbon at this stage, the load is taken off the secondary
treatment, thus reducing energy costs.
Section 2 of the RR template investigates the facilities energy recovery data. The questions asked in this
section examine the current sludge treatment processes, which are utilised to treat and stabilise the
sludge. For example if the sludge is stabilised via the biodegradation route AD, then is the biogas being
used, and if so what are its uses. Also if other thermal treatment processes are being utilised, then are the
end products being beneficially used, and if so what are the uses. This section aims to build up an overall
picture of the energy recovery facilities currently at the site.
Section 3 focuses on energy bench-marking and the establishment of the electrical energy consumption
baseline. This section serves as an initial energy assessment for the site. The data gathered and the results
from the initial energy assessment such as the actual plant electrical usage (kWh/d), actual flow to the
plant (mVd), actual BOD load through the plant (kg/BOD/d) and the actual P.E. are subsequently utilised
to calculate a set of energy key performance indicator (KPIs) metrics.
The energy KPI metrics calculated are based on key outputs from the Austrian energy benchmarking
system. The primary energy consumption baseline KPIs are expressed in kWh/m^ and kWh/P.E. /yr. Using
well established KPI metrics such as kWh/m^ and kWh/P.E./yr allow for comparability within the industry.
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The use of a comparable KPI system encourages continual improvement through strategic target setting
and meeting continual improvement goals. Given that Austria is at the forefront of sustainability and
efficiency in WWT, and that it has spent years assessing energy and benchmarking, their average WWTP
electrical energy consumption of 0.30 kWh/m^ and 23 kWh/P.E./yr will be used as a target in this study.
The German MURL energy manual from 1999 also lists 23 kWh/P.E./yr as an ideal electrical energy
consumption target for their WWTPs (Cao, 2011).
The template calculates the plants electrical energy consumption KPIs and the results are expressed in
kWh/m^ and kWh/P.E./yr. These results can then be compared to the Austrian best practice data results
indicated. The template then guides the user to investigate energy consumption reduction techniques. A
series of techniques and best practices are recommended and their combined energy recovery savings
percentage is applied to the initial energy baseline result. In this case it is suggested that a combination of
diffuse aeration, dynamic aeration control, ammonia sensors, and sensor based intermittent aeration
control in combination with VSDs can yield an overall energy recovery saving of 30% (Lazarova, et al.,
2012). The calculated result based on 30% energy savings then yields a new revised electrical energy
consumption baseline for the plant. This result is then re-applied to the energy KPIs to ascertain the effect
of the improvements which were suggested.
Finally the last section investigates energy generation optimisation techniques. The template guides the
user to a series of best practices and technologies which when combined can result in a net energy neutral
facility.

8.3 Template Key Output Results
Based on the initial energy assessment input data from LMD WWTP the electrical energy consumption KPI
results were found to be 0.42 kWh/m^ and 36 kWh/P.E./yr. These results are higher than the Austrian
average and our target established for this template of 0.30 kWh/m^ and 23 kWh/P.E./yr. The application
of a series of combined energy consumption reduction techniques resulted in an energy saving of 30% and
a new electrical energy baseline was established. This new baseline figure was reapplied to the KPIs
resulting in new and improved energy KPIs for LMD WWTP of 0.30 kWh/m^ and 25 kWh/P.E./yr. This
shows the positive effect that a series of improvements can achieve to assist in meeting established
targets.
It was also found that through applying a series of energy generation optimisation techniques such as
enhancing energy recovery from sludge, application of innovative technologies such as Annamox and
energy recovery from sewage flows that a net energy neutral facility is attainable. The template serves to
highlight possibilities and combinations of improvements necessary to achieve enhanced sustainability
and gives the user a tangible tool to assess the energy recovery potentials.
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8.4 Conclusions
•

The initial template design and methodology focused on energy RR. The template allows the user
to assess the early stages of energy bench marking and process optimisation. It has been identified
that future work is required to develop the template further to include nutrient and water
recovery also. Also it is hoped that this template when further developed can be utilised within
the WWTP Industry, to assist in transferability and scalability of the RR approach. As stated
previously RR is the way forward, and a template to guide this process would be of benefit to the
WWTP Industry.
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9.0 Research Conclusions
Wastewater is full of resources, particularly energy, nutrients and water and it is feasible to
recover these resources. It is necessary to change our views from regarding wastewater as a
waste to looking at wastewater as a resource. Through recovery of these resources wastewater
facilities can be termed resource recovery facilities, which offer a more sustainable approach.
It was found that the most appropriate initial resource recovery option for LMD WWTP is energy
recovery via the biodegradation route of anaerobic digestion.
The energy content or biomethane potential of the dewatered sludge mix of PS, WAS and
imported sludge from LIVID was found to be 206 L CH4 per kg VS. The biomethane potential in
terms of mass was found to be 167 L CH4 per kg of substrate.
The life cycle CBA model results indicated that Scenario 1, where MAD is installed with the
continued use of the drier, is not financially viable considering digester heating only, CHP or grid
injection applications.
Scenario 2, which considered TH pre-treatment prior to MAD, was financially feasible if the biogas
was utilised via CHP or direct gas grid injection. However, based on all of the key financial metrics
results, the CHP application proved to be the most financially viable option.
Scenario 3, which looked at TH pre-treatment, MAD and co-digestion, was also financially feasible
if the biogas was utilised via CHP or direct gas grid injection. However, considering all of the key
financial metrics it was found that in this case, the direct gas grid injection option yielded the most
positive financial results. Due to the increase in biogas yields from co-digestion, the direct grid
injection application is more financially viable at larger scales, benefiting from economies of scale.
Factors such as government support, financial incentives, capacity, fuel prices, local conditions,
and grid connection costs either to the electricity or gas grid all influence the feasibility of energy
recovery projects. Without government support and financial incentives it can be very difficult a
project to succeed.
Scenario 3 also resulted in being the most sustainable option overall. Through a combination of
steps including drier removal, TH pre-treatment prior to digestion, and boosting biogas yields
through co-digestion, it was found that a net energy positive facility is achievable.
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It should be noted that, as the scenarios developed primarily focused on the energy generation
aspect of the energy balance, further improvements in terms of increasing sustainability through
achieving a net zero energy plant, and financial benefits are attainable if the energy consumption
onsite is reduced. A reduction in energy consumption can be achieved in LMD WWTP by improving
the dynamic aeration control through the installation of ammonia probes and/or the application
of sensor based intermittent aeration control. In the future if MAD is installed at the plant, the
installation of an innovative low energy treatment technology such as Annamox could reduce
energy consumption by treating the high ammonia side stream wastes from the AD process.
Finally the RR template briefly addressed the initial stages of energy RR and improving energy
performance through analysis of energy benchmarking, process optimisation techniques and best
practices. It is recommended that further research is carried out to develop the model further and
to include nutrient and water recovery aspects also given the potential of the template to guide
RR. The template could assist in the scalability and transferability of RR approach within the
WWTP Industry.
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Total Solids Determination Methodology
Samples to be analysed:
•

Primary Sludge

•

Secondary Sludge (WAS)

•

Dewatered Sludge

•

Inoculum

1.

The first step in the procedure is to prepare the drying vessels. A clean, dry, aluminium drying dish
is placed in the furnace (550°C) for ~ 1 hour to ensure any moisture present is removed. After 1
hour the dish is removed from the furnace (using safety oven gloves and tongs) and stored in a
desiccator to cool down and to prevent any moisture absorption from the air.

2.

The prepared drying dish is removed from the desiccator and weighed using an analytical balance.
The weight is recorded in the lab record sheets to the nearest 0.1 mg, and recorded in mg as
W empty dish.

3.

The next step is to prepare the substrates for analyses. Each sample is stirred continuously to
achieve a homogenous sample. If the sample is more solid than liquid, the solid material sample
will require maceration using a pestle prior to use. Once the sample is ready for use approximately
25-50 grams is placed on the dish. It is important to ensure the sample is evenly spread out over
the drying dish. The weight of the dish and the sample is then recorded in the lab record log sheets
to the nearest 0.1 mg, and recorded as Wsampie. If a number of samples of the same origin require
analysis, it should be noted that the mass of each representative sample must not differ by more
than 10%.

4.

Place the sample in a preheated oven at 103-105°C for a minimum of 12 hours or overnight. After
this period the sample can be removed (using safety oven gloves and tongs). Allow the sample to
cool at room temperature in a desiccator for approximately 30 minutes.

5.

Following the cooling period, remove the sample from the desiccator carefully and weigh
immediately in the analytical balance to the nearest 0.1 mg. Record weight as Wtotai- The dried
samples must be weighed promptly as the dried residue can rapidly absorb moisture from the air.

6.

Calculate the total solids concentration according to the equation as follows:

Total Solids Content mg TS per kg =

Aoife Moloney

Wtotai — Wempty dish

X 10^

Wsample — Wempty dish
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Fixed and Volatile Solids Determination Methodology
Samples to be analysed:
•

Primary Sludge

•

Secondary Sludge (WAS)

•

Dewatered Sludge

•

Inoculum

3.

Insert the drying dish, containing the dried residues from the above total solids drying steps, into a
cool furnace. Heat the furnace to 550°C and ignite the sample for ~ 3 hours. Remove the dish
carefully (using oven gloves and tongs) and allow to cool to room temperature in the desiccator.

4.

Following cooling, remove the sample from the desiccator carefully and weigh to the nearest 0.1
mg. Record weight as W^oiatiie-

5.

Calculate the fixed and volatiles solids concentrations according to equations below:

Fixed Solids Content mg FS per kg =

Wvolatile — Wempty dish

Volatile Solids Content mg FS” per kg =

Aoife Moloney

X 10^

Wtotal — Wempty dish

Wtotal — Wvolatile

X 10^

Wtotal — Wempty dish
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Biomethane Potential Assays Methodology
Samples to be analysed:
•

Primary Sludge

•

Secondary Sludge (WAS)

•

Dewatered Sludge

•

Inoculum

5. The first step in setting up the BMP assays is to prepare the gas collection system. Once the system is
complete it should be tested. Initially cut 8mm clear plastic tubing to suitable lengths using a hand
saw. Ensure the tubing is held securely in a vice and it is cut into approximately 250 mm lengths.
6. The plastic tubing is then attached to the reactor bottle caps. The caps are fitted with built in
connections for two plastic tubes. This allows for an inlet and outlet tube. The plastic tubing is forced
over the connection by hand as far as they can go. This provides a suitable seal.
7. The liquid displacement gas measurement system is then set up, where the piping and capping
systems are connected to the reactors. The biogas produced during the anaerobic digestion process is
collected in a system which consists of a first bottle containing a scrubbing solution to remove CO2
(sodium hydroxide), a second bottle which collects the cleaned biogas - biomethane and a third bottle
which is a water collection bottle (contains the displaced water). The entire gas collection system must
have air tight seals. The seals on the bottles and within the caps must be checked and in perfect
condition prior to screwing on the caps tightly to obtain an air tight seal. This is very important to
ensure that there will be no gas leaks. As an extra precaution use sealant tape on the inside of the
screw cap to ensure a good seal, and use a parafilm tape on the outside of the cap to ensure another
good seal. Only one outlet pipe from the gas collection bottle to the water collection bottle is
required.
8. Finally the gas collection system must be tested to ensure it is set up correctly and to ensure that all
the seals are air tight. The system is tested by submerging the test bottle and the gas collection bottles
under water for a period of time. This forces air through the outlet piping for the water collection
bottle. All the seals between the caps and the test bottles and the piping and the cap connections
should be inspected for any air leakage. Air leakage will be evident through the presence of air bubbles
in the water. If air bubbles are detected the particular affected seal will have to be re-inspected and
resealed to solve the issue.
9. The next step in the process is to prepare the inoculum. The inoculum should be fresh and from a
mesophilic digester as this batch testing process will be carried out under mesophilic temperature
conditions. The inoculant used for these BMP assays is from Carbery Milks mesophilic anaerobic
digester (MAD) facility in Balineen Co.Cork.
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1 0. The inoculant is de-gassed for 5-7 days prior to the batch testing to lower the amount of background
gas produced by the inoculant. The total solids (TS) and volatile solids (VS) content of the inoculant
should be determined also as per Section 6.2 and 6.3 above.
1 1. The samples must also be prepared. To guarantee representative substrate sampling the samples must
be completely homogenized prior to starting the assays. Mixing enables good contact between the
bacteria/enzymes and the substrate. The sample must be blended initially to reduce the particle size
(<10mm recommended) and to ensure the sample is fully mixed. A sub sample should be taken to
determine the TS and VS concentration of the sample also. Once the VS concentration, expressed as
gVS/kg, of substrate is determined, the weight of substrate required for each can be calculated. The
remainder of blended sample can be frozen until the assays are completed - just in case more
substrate is required.
12. Next the inoculum quantity required for the reactors is measured. The prepared, completely
homogenized, inoculant is poured into a beaker up to the 400 ml mark. The empty reactors are then
placed on a scale in succession and the 400 ml of inoculant is added carefully through the funnel into
the reactor. Record the weight of the reactor and inoculant in the lab record sheets.
13. At the same time (to ensure an accurate sub-sample) of pouring the inoculant the prepared,
completely homogenized, inoculant is poured into a beaker up to the 400 ml mark. The empty
reactors are then placed on a scale in succession and the 400 ml of inoculant is added carefully
through the funnel into the reactor. Record the weight of the reactor and inoculant in the lab record
log sheets. At the same time (to ensure an accurate sub-sample) of pouring the inoculant into each
reactor, a sample should be poured for use in the VS analysis.
1 4. Once the VS concentration, expressed as gVS/kg, of substrate is determined, the weight of substrate
required for each can be calculated (See reactor preparation sheets below). Place a stainless steel
plate on the weighing scales and measure out the required amount of substrate. Using a funnel the
substrate can then be added carefully to the reactor which contains the 400ml of inoculant. Record
the total weight of the reactor, inoculant and the substrate in the lab record log sheets. At the same
time as pouring the substrate into each reactor, a sample should be poured for use in the VS analysis.
1 5. Once the inoculant and substrate are added to the reactor, the cap is placed on the reactor. Thorough
mixing is essential at this point. Once the cap is securely tightened invert the reactor several times to
ensure a good homogeneity.
1 6. The cleaning solution is then prepared. Approximately 700 mis of Sodium hydroxide (NaOH) is poured
carefully into the cleaning solution jar which is located between the reactor vessel and the gas
collection vessel. The NaOH is alkaline in nature and it washes or scrubs the biogas formed, leaving
only a biomethane gas.
1 7. The water baths are set up within the fume extraction hood. The reactors are placed into the water
baths and secured in position (six reactors per bath as per Figure 1). The gas collection systems which
were prepared earlier are placed alongside the water baths, and are then attached to the reactors.
The temperatures of the water baths are to be measured and monitored on a daily basis.
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1 8. The biogas produced within the anaerobic digester reactor rises to the top of the reactor. The biogas
then moves from the reactor, travelling through the piping and into the sodium hydroxide cleaning
solution. The biogas disperses through the solution and then (once cleaned) the biomethane moves on
into the gas collection bottle which is full of water. This is where the water displacement method
occurs, as the biomethane travels into the gas collection bottle it displaces the water present into the
water collection bottle.
1 9. Once the biomethane has been collected it must be measured. The gas produced within the reactors is
measured as follows. Initially the empty water collection bottle is weighed prior to placing underneath
the outlet pipe of the gas collection system. The initial weight is recorded as in the lab record gas
production log sheets as Mass of Water Collection Bottle in grams (g). Once the gas collection occurs,
and when the gas produced is being measured, the water bottle containing the displaced water is
weighed on a daily basis. The weight is recorded as the 'Mass of Water Collection Bottle + Displaced
Water' in grams (g). The difference between the two weights equates to the quantity of biomethane
produced.
20. The next stage of the process is to dissipate the gas. Ensure the extraction hood is set at its highest
level. Clamp the end of the outlet pipe of the cleaning solution jar. Then disconnect the pipe from the
gas collection bottle pipe. Connect the hose to the outlet of the gas collection vessel and fill the bottle
with water. This action forces the gas out through the inlet of the gas collection system. The outlet
pipe of the cleaning solution is then reconnected and undamped. It is important for health and safety
reasons to only degas one gas collection system at a time. This will prevent a build-up of excessive
levels of gas under the fume hood at any time.
21. Following the incubation period (~30 days) two samples (~25-50g) should be taken from each reactor.
One sample should be analysed for VS, to determine the VS post digestion which will be used to
determine the VS destroyed during the digestion process. The pH of each reactor should be measured
at the end of the digestion process also.
22. On completion of the BMP assays and incubation period the laboratory equipment must be cleaned
out. The reactors should be washed out in the soak away pit using the external hose before returning
the reactors to the lab. All of the bottles used in the analysis must then be washed out with warm
water and a suitable detergent. The bottles must be cleaned thoroughly and suitable for re-use. Clean
out the capping and piping system also. Force water through the piping system using negative
pressure to remove any blockages which may have occurred during the process.
23. Finally the digested sludge should be stored in sealable containers until they are disposed of. The LMD
sludge samples can be disposed of through the main sewerage drainage system or back at the
wastewater treatment plant at Limerick.
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Reactor Preparation Sheets
Reactor Prepration Sheet
Location: A123-Environmental Lab

Date:

31.7.13

Substrate Descriptic A: Primary Sludge (PS) C: Dewatered Sludge
Sample No:

B: Secondary (WAS)

D:lnoculant

A1

Weight of water collection bottle

VS content of Inoculant

gVS/kg

VS content of Substrate

gVS/kg

Required weight based l:S Ratio and 400g of Inoculant

g

Weight of beaker

562.6

732.32
^

816.87
71.7

g

186.3

Weight of beaker + 400g Inoculant;

g

586.3

Weight of beaker + 400g Inoculant + Substrate

g

657.1

Weight of 400g Inoculant + Substrate

g

470.8

Weight of substrate

g

70.8

Weight of reactor

g

594.9

Weight of reactor + 400g Inoculant + Substrate

g

1062.5

Weight of reactor + 400g Inoculant + Substrate + Wa

g

1564.0

Weight of 400ml Inoculant + Substrate

g

467.6

Sub sample for VS testinq:
Weight of beaker
Weight of container + Inoculant

g

98.4

g

198.6

Weight of Inoculant

g

100.2

g

215.7

Weight of container + Inoculant + Substrate
Sample No:

A2

Weight of water collection bottle

VS content of Inoculant

gVS/kg

732.32

VS content of Substrate

gVS/kg

816.87

Required weight based l:S Ratio and 400g of Inoculant

g

Weight of beaker

g

186.4

Weight of beaker + 400g Inoculant:

g

586.3

Weight of beaker + 400g Inoculant + Substrate

554.5

71.7

g

658.5

Weight of 400g Inoculant + Substrate

g

472.1

Weight of Substrate

g

72.2

Weight of reactor

g

600.5

Weight of reactor + 400g Inoculant + Substrate

g

1070.7

Weight of reactor + 400g Inoculant + Substrate + Wa

g

1495.8

Weight of 400ml Inoculant + Substrate

g

470.2

Sub sample for VS testinq:
Weight of beaker

g

98.6

Weight of container + Inoculant

g

198.7

Weight of Inoculant

g

100.1

Weight of container + Inoculant + Substrate

g

216.0
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Reactor Prepration Sheet
Location: A123-Environmental Lab

-------------------------------------

Date:

i
!

31.7.13

Substrate DescripticA: Primary Sludge (PS) C: Dewatered Sludge
'b:lnoculant
'B: Secondary (WAS)
Sample No:

A3

Weight of water collection bottle

VS content of Inoculant

gVS/kg

732.32

VS content of Substrate

gVS/kg

816.87
71.7

Required weight based l:S Ratio and AOOg of Inoculant

g

Weight of beaker

g

186.4

Weight of beaker + 400g Inoculant:

g
g

586.4

Weight of 400g Inoculant + Substrate

g

471.3

Weight of Substrate

g

71.3

Weight of reactor

594.9

Weight of reactor + 400g Inoculant + Substrate

g
g

1061.7

Weight of reactor + 400g Inoculant + Substrate + Wa

g

1479.6

Weight of 400ml Inoculant + Substrate

g

466.8

Weight of beaker + 400g Inoculant + Substrate

j

550.7

657.7

Sub sample for VS testinq:
g

98.8

Wieght of container + Inoculant

g

199.7

Weight of Inoculant

g
g

217.8

Weight of beaker

Weight of container + Inoculant + Substrate
Sample No:

B1

100.9

Weight of water collection bottle

VS content of Inoculant

gVS/kg

732.32

VS content of Substrate

gVS/kg

828.49

Required weight based l:S Ratio and 400g of Inoculant

g

Weight of beaker

70.7

g

186.3

Weight of beaker + 400g Inoculant:

g

586.3

Weight of beaker

g

654.0

Weight of 400g Inoculant + Substrate

g

467.7

Weight of Substrate

g

67.7

Weight of reactor

g

599.6

Weight of reactor + 400g Inoculant + Substrate

g

1058.6

Weight of reactor + 400g Inoculant + Substrate + Wa‘

g

1506.6

Weight of 400ml Inoculant + Substrate

g

459.0

400g Inoculant + Substrate

547.8

Sub sample for VS testinq:
Weight of beaker

g

98.4

Weight of container + Inoculant

g

198.5

Weight of Inoculant

g

100.1

Weight of container + Inoculant + Substrate

g

214.8
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Reactor Prepration Sheet
Location: A123-Enviornmental Lab

Date:

31.7.13

Substrate DescripticA: Primary Sludge (PS) C: Dewatered Sludge
Sample No:

B: Secondary (WAS)

D:lnoculant

B2

Weight of water collection bottle

VS content of Inoculant

gVS/kg

732.32

VS content of Substrate

gVS/kg

828.49

Required weight based l:S Ratio and 400g of Inoculani

g

Weight of beaker

70.7

g

186.4

Weight of beaker + 400g Inoculant:

g

586.4

Weight of beaker + 400g Inoculant + Substrate

g

655.8

g

469.4

Weight of 400g Inoculant + Substrate
Weight of Substrate

^^g

557.4

69.4

Weight of reactor

g

601.1

Weight of reactor + 400g Inoculant r Substrate

g
g

1063.8

Weight of reactor + 400g Inoculant + Substrate + Wa
Weight of 400ml inoculant + Substrate

g

462.7

1511.8

Sub sample for VS testinp:
Weight of beaker

g

98.5

Weight of container + Inoculant

g

198.4

Weight of Inoculant

g

99.9

Weight of container + Inoculant + Substrate

g

215.9

Sample No:

B3

Weight of water collection bottle

VS content of Inoculant

gVS/kg

732.32

VS content of Substrate

gVS/kg

828.49

Required weight based l:S Ratio and 400g of Inoculant

g

Weight of beaker

558.5

70.7

g

186.6

Weight of beaker + 400g Inoculant:

g

586.6

Weight of beaker + 400g Inoculant + Substrate

g

656.0

Weight of 400g Inoculant + Substrate

g

469.4

Weight of Substrate

g

69.4

Weight of reactor

g

602.8

Weight of reactor + 400g Inoculant + Substrate

g

1068.1

Weight of reactor + 400g Inoculant + Substrate + Wa*

g

1509.0

Weight of 400ml Inoculant + Substrate

g

465.3

Sub sample for VS testinq:
Weight of beaker

g

98.5

Weight of container + Inoculant

g

198.5

Weight of Inoculant

g

100

Weight of container + Inoculant + Substrate

g

215.8
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Reactor Prepration Sheet
Date:

Location: A123-Enviornmental Lab

31.7.13

Substrate DescripticA: Primary Sludge (PS) C: Dewatered Sludge
Sample No:

B: Secondary (WAS)

D:lnoculant

Cl

Weight of water collection bottle

VS content of Inoculant

g vs/kg

732.32

VS content of Substrate

gVS/kg

811.73

Required weight based l:S Ratio and 400g of Inoculani

g

Weight of beaker

72.2

g

186.4

Weight of beaker + 400g Inoculant:

g

586.4

Weight of beaker + 400g Inoculant + Substrate

g

657.9

g

471.5

Weight of 400g Inoculant + Substrate
Weight of Substrate

^^g

555.7

71.5

Weight of reactor

g

598.8

Weight of reactor + 400g Inoculant + Substrate

1055.6

Weight of reactor + 400g Inoculant + Substrate + Wa‘

g
g

Weight of 400ml Inoculant + substrate

g

1517.5
456.8

1

Sub sample for VS testinq:
Weight of beaker

g

98.4

Weight of container + Inoculant

g

198.5

Wieght of Inoculant

g

100.1

Weight of container + Inoculant + Substrate

g

215.9

Sample No:

C2

Weight of water collection bottle

VS content of Inoculant

gVS/kg

732.32

VS content of Substrate

g vs/kg

811.73

550.1

72.2

Required weight based l:S Ratio and 4C)0g of Inoculant

g

Weight of beaker

g

186.3

Weight of beaker + 400g Inoculant:

g

586.3

Weight of beaker + 400g Inoculant + Substrate

g

657.9

Weight of 400g Inoculant + Substrate

g

471.6

Weight of Substrate

g

71.6

Weight of reactor

g

609.3

Weight of reactor + 400g Inoculant + Substrate

1072.6

Weight of reactor + 400g Inoculant + Substrate + Wa

g
g

Weight of 400ml Inoculant + substrate

g

463.3

1543.0

Sub sample for VS testinq:
Weight of beaker

g

98.5

Weight of container + Inoculant

g

198.6

Weight of Inoculant

g

100.1

g

216.1

Weight of container + Inoculant + Substrate
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Reactor Prepration Sheet
Date:

Location: A123-Enviornmental Lab

31.7.13

TT-

Substrate DescripticA; Primary Sludge (PS) C: Dewatered Sludge
F

B: Secondary (WAS)

Sample No:

r

C3

D:lnoculant

Weight of water collection bottle

VS content of Inoculant

g vs/kg

732.32

VS content of Substrate

gVS/kg

811.73

556.4

72.2

Required weight based l:S Ratio and 4CK)g of Inoculani

g

Weight of beaker

g

186.4

Weight of beaker + 400g Inoculant:

g

586.4

Weight of beaker + 400g Inoculant + Substrate

g

658.2

Weight of 400g Inoculant + Substrate

g

471.8

Weight of substrate

g

71.8

Weight of reactor

g

603.0

Weight of reactor + 400g Inoculant + Substrate

1066.6

Weight of reactor -r 400g Inoculant + Substrate + Wa

g
g

Weight of 400ml Inoculant + Substrate

g

463.6

!

1510.5

Sub sample for VS testina:
g

98.5

Weight of container + Inoculant

g

198.5

Wieght of Inoculant

g

100

Weight of container + Inoculant + Substrate

g

215.9

Weight of beaker

Sample No:

D1

VS content of Inoculant

Weight of water collection bottle
732.32
gVS/kg

VS content of Substrate

564.8|
[

g vs/kg

Required weight based l:S Ratio and 400g of Inoculant

g

Weight of beaker

g

183.8

Weight of beaker + 400g Inoculant:

g

583.9

Weight of beaker + 400g Inoculant + Substrate

g

Weight of 400g Inoculant + Substrate

g

Weight of Substrate

g

400.1

Weight of reactor

g

594.4

Weight of reactor + 400g Inoculant + Substrate
Weight of reactor + 400g Inoculant + Substrate + Wa‘

g
g

1476.3

Weight of 400ml Inoculant + Substrate

g

1

Sub sample for VS testina:
g

97.2

Wieght of container + Inoculant

g

197.2

Wieght of Inoculant

g

Weight of container + Inoculant + Substrate

g

Weight of beaker

Aoife Moloney
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Reactor Prepration Sheet
Location: A123-Enviornmental Lab

Date;

31.7.13

Substrate Descriptic A: Primary Sludge (PS) C: Dewatered Sludge
"b: Secondary (WAS)
'b;lnoculant
Sample No:

D2

Weight of water collection bottle

VS content of Inoculant

gVS/kg

VS content of Substrate

gVS/kg

556.9

732.32

Required weight based l:S Ratio and 400g of Inoculant

g

Weight of beaker

g

170.0

Weight of beaker + 400g Inoculant:

g

Weight of beaker + 400g Inoculant + Substrate

g

570.0
^^

Weight of 400g Inoculant + Substrate

g

----------—

Weight of substrate

g

400.0

Weight of reactor

g

594.9

Weight of reactor + 400g Inoculant + Substrate
Weight of reactor + 400g Inoculant + Substrate + Wa

g
g

1479.7

Weight of 400ml Inoculant + Substrate

g

396.9

991.8

Sub sample for VS testina:
Weight of beaker

g

97.3

Weight of container + Inoculant

g

197.3

Wieghtof Inoculant

g

100

Weight of container + Inoculant r Substrate

8

Sample No:

D3

Weight of water collection bottle

VS content of Inoculant

gVS/kg

VS content of Substrate

gVS/kg

Required weight based l;S Ratio and 4C)0g of Inoculant

g

Weight of beaker

g

170.0

Weight of beaker + 400g Inoculant:

g

570.0

Weight of beaker + 400g Inoculant + Substrate

g

Weight of 400g Inoculant + Substrate

g

Weight of Substrate

g

400.0

Weight of reactor

594.6

Weight of reactor + 400g Inoculant + Substrate + Wa

g
g
g

1480.6

Weight of 400ml Inoculant + Substrate

g

393.2

g

97.1

Weight of reactor + 400g Inoculant + Substrate

550.4

732.32

-----^

987.8

Sub sample for VS testina:
Weight of beaker
Wieght of container

g

197

Weight of Inoculant

g

99.9

Weight of container + Inoculant + Substrate

g

Aoife Moloney

Inoculant
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LMD Existing Plant Data Analysis - 2012

WWTP Overall Operational Expenditure 2012

Euro

Electricity

561,097

Gas

358,349
27,629

Water
0 & M Cost

250,000

Sludge Disposal Management

350,000

Labour - Cost to employer

500,000

Other Cost - Bonds, Insurances, JV, directors fees,
asset depreciation

307,061
EUR 2,354,137

Total Euro

LMD Operational Expenditure 2012 - Associated with DRIER OPERATION

Euro

Electricity
Gas
Water

56,110
358,349
24,866

0 & M Cost

125,000

Sludge Disposal Management

350,000

Labour - Cost to employer

150,000

Other Cost - Bonds, Insurances, JV, directors fees,
asset depreciation

153,531

Total Euro
Sludge Costs based on ~ 50% of total WWTP
operational expenditure (except Sludge
Management and Labour) Ref: (Spinosa, et al..
2011)

Aoife Moloney

EUR 1,217,856

€ 1,177,068
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Total Energy Requirements 2012

Input Variable

Electricity kWh/yr

4,643,377

Gas kWh/yr

9,473,112

Total kWh/yr
Electricity kWh/d

14,116,489
12,722

Gas kWh/d

25,954

Total kWh/d

38,675

Electricity GJ/d

46

Gas GJ/d

93

Total GJ/d

Aoife Moloney

Reference/notes

0.0036
0.0036

IkWh = 3.6 MJ = 0.0036 GJ
lkWh = 3.6 MJ= 0.0036 GJ
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Scenario 1 Development
Scenario 1: AD System Design

---------------------------

ICaiculations
Input Variables
Data

Plant Design Details
Plant Name
Design PE

Sufficient
Energy to meet
demand
Assumptions/lnp
ut Variables
Notes, Formulas, References

Irtsufficent Energy
to meet demand
Units

Limerick Main Drainage WWTP
Plant Design Data

LMD
130,000 P.E.

Design BOD Loading

7,800 kg/BOD/d

Plant Operational Details
Primary Sludge (PS)
Theorethical PS Total Solids (TS) Concentration
Actual PS Total Solids (TS) Concentration
Theorethical PS TS only post PFTs
Theorethical PS Volatile Solids (VS) Concentration
Actual PS VS concentration

Plant Design Data

5 to 9 %DS
4.8% %DS
7% %DS
65% %
81.69% %

Ref: Metcalf & Eddy 4th Edition
4.8% Plant Process Data 2012

7% Ref; Metcalf & Eddy 4th Edition
65% Ref: Metcalf & Eddy 4th Edition
81.69% Lab Results - Ref Thesis Chapter 6.0

PIsign Primary SludgeTDS/yr, based on %
lr659 kym 2012 data

1,659 TDS/yt

►SMassTDS
■!'
■
*

------------------------ 1
1

5 TDS/d

'

------------------------ --—.... ......

'
......
^

^mary Sludge and Import mix % DS Average
fesult 2012 off PFTs = 4.68%. If Only primary in
15Mass Post- thickening (PFTs)

97 T/d thickened

Activated Sludge (AS) System
Theorethical WAS TS
Actual WAS TS
Actual Thickened WAS off GBT
Theorethical WAS VS
Actual WAS VS concentration

WAS Mass TDS

4.68% ■g; assume 7% OS (Ref: Metcalf & Eddy)

0 8 to 1.2 %DS
0.88% %DS
5.5% %DS
80% %
82.85% %

Metcalf & Eddy 4th Edition
0.88% Plant Process Data 2012
5.5% Plant Process Data 2012
80% Ref; Metcalf & Eddy 4th Edition
82.85% Lab Results - Ref Thesis Chapter 6.0

2,083 TDS/yr
6 TpS/d

>i,';

WA:. Mass Post thickening (GPTs)

2,083

on % from 2012 aata

■■
Based bn Plant Process Results 2012 Average
5.5% iOffGBTs = 5.5%

104 T/d thickened

Imported Sludge
Imported Sludge Cake TS concentration
Theorethical Volatile Solids
Actual Imported Sludge Mix VS concentration
S'
ImpoTt Sludge Cake Mass TDS

12.19 %DS
80 %D5
81.17 %DS

Plant Process Data 2012
Ref: Metcalf & Eddy 4th Edition
81.17% Lab Results - Ref Thesis Chapter 6.0

758 TDS/yr

;

-

758 Design WAS TOS/vr, based on % from 2012 data

2 TDS/d
lllmary Sludge and Import mix % OS Average

Import Sludge Mass

44 T/d thickened

j

4.68% result 2012 off PFTs - 4.68%.

Digester Sizing
Primary Mass thickened
WAS Mass thickened
Imports Mass thickened
Combined Sludge Mass

Total Design Sludge Volume

Dry Solids content before AD

97
104 T/d thickened
44
245 T/d thickeiied

■■condary DigesterVolume (Based on 14day HRT)

3,288 m*
6,1k m’

.----------------------------------------- ^
____________________
■
'

DigesterVolume Design based on LMD design
4500 capacity of 4,500 TDS/yr.
Based on plant data results for thickened WAS
off GBT result and thickened primary and
5.3% imports sludge mix out of PET results

5.3% %
2,818

Aoife Moloney

44.37

4,500 TDS/yr

Primary DigesterVolume (Based on 12 day HRT)
Total DigesterVolume Required

97.14
103.75

12
■

(Ref: Metcalfs Eddy).

14
'

-

Formula: Volume = Qx HRT

,
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Scenario 1: AD System Design

ICalculations

Plant Design Details

Input Variables

jinsufficent Energy
to meet demand

Data

Units

Biogas Production
Primary Sludge kg VS/d
WASkgVS/d
Imported Sludge kg/VS/d
“rota! kg/vs

Sufficient
Energy to meet
demand
Assumptions/lnp
Notes, Formulas, References
ut Variables
81.69%
82.85%
81.17%

3,714
4,727 kg/VS/d
1,686
10,127 i«AfS/d

1,485
1,891
674

■

Primary Sludge kg VS/d destroyed
WAS kg VS/d destroyed
Imported Sludge kg/VS destroyed
fetal ke/VS destroyed

4,051 kg/VS/d destroyed

Primary Sludge mVbiogas per day
WAS mVbiogas per day
Import Sludge mVbiogas per day

1485
1,891 mVbiogas per day
674

fotal thedi^thicai bfoKas oroduced

v v

40%
40%
40%

kg/VS/d destroyed

, ,4.0Si

Ref Laboratory Results Thesis Chapter 6.0

per paY

'a

'

Assuming 40% VS Resuction Ref: Dr. Niamh
Power Lecture Notes

1.00 Assuming 1.0 m’ of biogas is produced per kg
1.00
of VS destroyed (Ranges 0.8 -1.2 m^) Ret:
1.00
Metcalf & Eddv
.1

tnbrgy production Formula:
Energy Produced (MJ/d)

j

85J»5. Mi/d

=

CH4Yield m Vd X 21

,
21 MJ/m^
Note; 1 m^ of methane =37.78 MJ/m’; 1 m^of
biogas - 21Ml/m^ . Sewage sludge energy

Theorethical Energy Produced (Energy In Biogas)

value of 21 GJ/tDS so assuming 1 m’ of biogas
per kg VS destroyed -■ 21 Ml/m^ (Ref: Dr. Jerry
85 GJ/d

Murphy)
0.0036 lkWb = 3,6MJ = 0.0036GJ

23.629 kWh/d
.

■

8,624,625 kWh/yr

--------

Energy Required to heat Digesters
As two-stage digester only primary digester
Volume of Primary Digester
Seasonal Average heat demand

2818 requries heating
Ref: Dr. Niamh Power Lecture notes

2,818
0.1 kW/m^
282 kW

B

80% Asiurplng 80% Efficiency
24 hrsI"' •
365 das

352 kW
8,454 kWh/d
3,085,714 kWh/yr

feiergy to heat Digesters
3.6 lkWh = 3.6 MJ = 0.0036 GJ

30434 MJ/d
30 6J/d

Percititage.tdf^featdlg^ef. Rangefs between
36 %
55 GJ/d

■

of a Biogas

'•

Suitable to meet a portion of drier demand, or
fecfus EneMr (after heatimdifltstersl

Aoife Moloney

5,538,911 kWh/*r

for export
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Design Data - Sludge Treatment
Design Capacity of Plant

4,500 TDS/yr

Design Data

Primary Portion

1,659 TDS/yr

Assumption

WAS Portion

2,083 TDS/yr

based on 2012

Sludge Produced Off site - Imports
Total

758 TDS/yr
4,500 TDS/yr

Process Data
Design Data

% WAS + Primary

83 %

Calculation

% Import

17 %

Calculation

Aoife Moloney
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Scenario 1 - CHP
Input Variables
Expected Annual Revenue Streams

Data

Units

4051 m^/d

Estimated Biotas Yield
Estimated BioMi Yield
Energy:
EneMVContftntof 1 m^W biORas ~ 21MJ =

Energy to meet
demand

.... ■-- -5^ kWh/m^
10.49 kWh/m^
-

Estimated methane content of biogas

Efficiencies:
Electrical conversion efficiency
Heating efficiency
Therefore - Waste/Loss
Iherefore lm*of bioilas= .
Tfierefore 1 m* of biogas =
Therefore Annual Electricity Production
.Therefore Annual Heat Production
Eiectrical Production
^eat Production
Electrical Production
Beat Production
Electrical Production
lleat Production
Total Electridty & heat Production
CHP Capacity Required
Electrical Energy Required for Plant
fleat Required for Digester (No Drier)
Surplus Electricity if CHP electricity used onsite
iurplus Heat if CHP heat used onsite

Aoife Moloney

Calculated Ref; Scenario 1
4051 development

1478,507

InerRv Content of 1 m* of biomethane = 37.78 MJ =

Losses (downtime, operational issues)

Sufficient Energy i
to meet demand i
Assumptions/
Input Variables
Notes, Formulas, References

-

iBfl kWh electricil*
2,36 kWh heat
2,716,757 kWhe/year
3,492,973
7,443.17
9,570
26,795
34,451
27
34
61

kWhh/year
kWh/d
kWh/d
MJ/d
MJ/d
GJ/d
GJ/d
Gi/d

345 kW„
4,643,377 kWh/vr
3,085,714 kWh/yr
1,926,620 kWh/yr
^ - - ^7jm kWh/tfr

3.6 lkWh = 3.6IVU. .

^

^

3.6 lkWh=3.6MJ
Range 40-70% (55.6% based on
biogas at 21 MJ and methane at 37.78
55.6% MJ)
Assumed CHP availability of "“90% i.e.
10% 7884 hrs

35% Assumed
45% Assumed
20% Assumed
■
Note: AD & ancilliary equipment
require heating and electricity to
operate. A portion of this load can be
drawn down from the CHP generator
3.6
3.6
aSSVh-^ 3.6 Ml-0.0036 GJ
0.0036
0.0036

4

Assumed CHP availability of ~90% i.e.
7884 7884 hrs
..................
to meet demam
Sunlut heat after diiester is heated
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Scenario 1 - CHP Expenditure
Assumptions/
Investment Capital Expenditure (CAPEX)

Cost €

Input Variables

Notes, Formulas, References

AD

Primary Digester

25(DOOO

250000

Based on design calculated volume
of 5,724 m^

Secondary Digester
Assoc plant - mixers, pumps, silos
Heating, pipes, pumps, 1 No. boiler 250I<W
SCADA, Telemetry, instrumentation (flow meters etc)

Included in Sub Total Cost below
Construction, Buildings and Infrastructure

Project development/planning costs
Professional Fees
Earth Works
Weighbridge
Reception building
Site Access roadways
Fences, gates, new additional pathways/roadways,
landscaping

N/A
N/A
N/A

Already a weighbride onsite
Already a reception building
N/A

-

Bunding
Gas Storage

Included in Sub Total Cost below

Digestate Storage
Odour Management
Health & Safety Equip - Gas monitors. Access etc.
Ref;Conversation with Planning and
Permitting Coordinator with Kedco
Sub total

1,750,000

Total AD Cost

2,000,000.

1,750,000 Pic.
'’“TT’TT;. ;■■■
*'■ ■

i

CHP Costs

Proposed Installation of Internal
Combustion Engine - ICE. Cost ~1000
euro/kW Ref: (Lynch & Schettler,
CHP - 1 no. 345 kW electrical power output

344,591

Ancilliary Equipment: Heat exchangers, dump
radiators, cables, piping

-

Total CHP Cost

344,591

Aoife Moloney

1,000 2010) (Moss, etal., 2013)

Included

Page 140

Appendix C

Assumptions/
Investment Capital Expenditure (CAPEX)

Cost€

Input Variables

Notes, Formulas, References

Grid Connection

Grid Connection application costs

10,145
Pre Feasibility & Full Application
Costs. Ref: SEI Renewable Energy
Grid Connection (RPS Group)

Grid Connection Costs

40,000

total Grid Connection Cost

50,145

Grants Received
Up to 40% of Feasibility Study Costs (Maximum 15,000
N/A

euro)

Up to 30% CHP Capital Expenditure. Maximum grant
of 1.5 million euro
Estimated Total CAPEX

Assuming SEAI/Government Support
grant from 2010-2011 - CFIP
Deployment Programme. However
scheme closed at present.

103,377

30% Reference: www.seai.ie/grants/CHP

2,291,359

Operational Expenditure (OPEX)
Assuming 7% of CAPEX Ref: SEAI
Spare Parts, Operation, Maintenance (O&M)

160,395

Estimated Total OPEX

160,395

.

. ^ '

7% Economics of a Biogas Plant

Other costs
Assuming 0.5% of CAPEX Ref: SEAI
Insurance
Estimated other costs Total
SxDBCIed Total Annual ExpeiKMure

Aoife Moloney

11,457

0.50% Economics of a Biogas Plant

11,457.
171,852
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Scenario 1 - Direct Gas Grid Injection Expenditure
Investment Capital Expenditure (CAPEX)

Assumptions/
Input Variables

Cost€

AD
Primary Digester

250000

250000

Notes, Formulas, References
Based on design calculated volume of
5,724 m^

Secondary Digester
Assoc plant - mixers, pumps, silos
Heating, pipes, pumps, 1 No. boiler 250kW
SCADA, Telemetry, instrumentation (flow meters etc)

Included in Sub Total Cost below
Construction, Buildings and Infrastructure
Project development/planning costs
Professional Fees
Earth Works
Weighbridge
Reception building
Site Access roadways

N/A
N/A
N/A

Fences, gates, new additional pathways/roadways,
landscaping
Bunding
Gas Storage
Digestate Storage
Odour Management
Health & Safety Equip - Gas monitors. Access etc.

Already a weighbride onsite
Already a reception building
N/A

-

Included in Sub Total Cost below

Sub total

1,750,000

^3tal AO Cost
Biogas Cleaning & Upgrading Cost

2,000,000

RefiConversation with Planning and
Permitting Coordinator with Kedco
1,750,000 Pic.
■

,

...

i

Cost based on March 2012 Data from
Biomethane Regions Report - A guide
for England and Wales April 2013.
Investmet Cost of 5,500 €/(mVhr) is
based on a 250 m Vhr water scrubbing
1,375,000

Biogas cleaning and scrubbing (if required)

5,500 unit.

All Ancillary Equipment
Total Gas Cleaning & Upgrading Costs

Aoife Moloney

Included
> >

- : -1)3^,000:

ir;.:
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Assumptions/
Investment Capital Expenditure (CAPEX)

Cost€

Input Variables

Notes, Formulas, References

Grid Connection

Based on UK data as currently in
Ireland. Assumption based on
National Grid charging proposals for

Grid Connection costs

Total Grid Connection Cost

58,190

distributed gas entry - based on full
entry facility owned and operated by
58,190
supplier - 50,000GBP. The cost
increases to ~ 300,000 GBP if the gas
company take on complete entry
facilitity operation. Ref:Securing
Income
Biomethane Sales (Peter Rayson)

58,190

Grants Received
Using UK as example here as no
example in Ireland - Underthe RHI
there is no capital installation grants
Biomethane to Grid - Capital Grants

Vi mated Total CAPEX

-

-

available. Ref: Ref: Renewable Heat
Incentive https://www.gov.uk/government/upl
oads/system/.../1393-rhi-faqs.pdf

3,433,190

Operational Expenditure (OPEX)
Assuming 7% of CAPEX Ref: SEAI
Spare Parts, Operation, Maintenance (O&M)

240,323

Vimated Total OPEX

240,323

7% Economics of a Biogas Plant
--

-a

Other costs
Assuming 0.5% of CAPEX Ref: SEAI
Insurance
Estimated other costs Total
Bkdocted Total Annual Expenditure

Aoife Moloney

17,166

0.50% Economics of a Biogas Plant

17,166
257,489
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Scenario 1 - Economics
Cumulative Discounted Payback Period

Year

Net Cash Flow
(€)

Cumulative
net cash flow
(€)

Cumulative

Present
Value at 6.62%

Present Value

Drier in Operation

(€)
Cash Flow
Rate (€/kWhr)

-2,000,000

■2,000,000

MAD, Gas utilised for digester heating only

■2,690,211

■647,356

■2,647,356

Digester Heating Requirement met - Offset cost

-724,721

-3,414,932

-637,520

-3,284,876

-760,957

-4,175,890

-627,833

-3,912,709

■799,005

-4,974,895

■618,294

-4,531,003

•838,956

-5,813,850

-608,899

-5,139,902

6

•880,903

-6,694,754

-599,648

•5,739,550

7

-924,948

-7,619,702

-590,537

-6,330,086

8

■971,196

-8,590,898

-581,564

-6,911,650

9

■1,019,756

-9,610,654

-572,728

■7,484,378

Total CAPEX

10

-1,070,743

-10,681,397

-564,025

-8,048,403

Annual Revenue:

344,985 €/yr

11

-1,124,281

■11,805,678

-555,456

-8,603,859

Operating Costs

1,035,196 €/yr

12

-1,180,495

-12,986,173

-547,016

-9,150,875

Net Cash flow:

-690,211 €/yr

13

-1,239,519

-14,225,692

■538,704

-9,689,579

14

-1,301,495

-15,527,187

-530,519

-10,220,098

Cash flow Inflator:

15

-1,366,570

-16,893,758

-522,458

-10,742,557

Cost of Money:

16

•1,434,899

-18,328,656

-514,520

-11,257,077

17

-1,506,644

•19,835,300

-506,702

-11,763,779

Simple Payback Period;

18

1,581,976

-21,417,276

■499,004

12,262,783

Net Present Value

19

-1,661,075

-23,078,350

-491,422

■12,754,204

Internal Rate of Return

flNUMI

20

-1,744,128

•24,822,479

-483,955

-13,238,159

Maximum Capital at Risk

13238159

Benfit to Cost Ratio

oa

0

-2,000,000

1

•690,211

2
3
4
5

Surplus Heat used for drier - Offset Cost

3,085,714

0.04
0.04

5,538,911

Summary

Discounted Payback Period

2,000,000 €

1.05
6.62% %
Never veers
^s .

SJBL

-i3.23aia C

%

Operating Costs with Drier in operation
Data

Input Variable

Unit

Remaning energy required
for drier after digester is
heated and the surplus is
used for drier

kWh

3,934,201

Cost of additional energy
for drier

157,368

Electricity tor drier at 10%

56,110

€;kWhr

0.04

Entire Site Electricity Cost
Sludge Plant Water Cost
Sludge Plant O&MCost

24,866
125,000

Sludge Disposal
Management Cost

350,000

Sludge Plant Labour

150,000

AD Plant Assumed OPEX

171,852

Totai

Aoife Moloney

mmrm L______

221,556

344,98^

Total'

j.

(€)
123,429

■
L
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Cumulative Discounted Payback Period

Year

Net Cash Flow (€)

0
1
2

-2,291,359
■709,520
-744,996
•782,246
■821,358
■862,426
■905,547
■950,824
■998,366
■1,048,284
-1,100,698
-1,155,733
-1,213,520
■1,274,1%
-1,337,905

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Cumulative
Cumulative net Present Value
Present Value
cash flow (€)
at $.62%
(€)
-2,291,359
■3,000,879
■3,745,874
■4,528,120
■5,349,478
■6,211,903
-7,117,450
■8,068,275
■9,066,640
-10,114,924
■11,215,622
■12,371,355
■13,584,875
■14,859,070
-16,1%,976
■17,601,776
■19,076,817
-20,625,610
-22,251,842
-23,959,386
■25,752,307

■1,404,801
■1,475,041
■1,548,793
■1,626,232
-1,707,544
-1,792,921

-2,291,359
-665,466
-655,355
-645,397
-635,591
■625,934
-616,423
-607,057
■597,833
-588,750
579,804
-570,995
-562,319

■2,291,359
■2,956,825
■3,612,179
■4,257,577
■4,893,168
-5,519,101
-6,135,524
-6,742,581
-7,340,415

Drier in operation

MAD, with CHP
Digester Heating Requirement met ■ Offset cost
Exporting electricity produced
Grid Export all electrical energy CHP produced (kWhr)
No Surplus heat for drier so have to buy in all energy for drier and
remaining portion to meet digester heating requirements

Operating Costs with Drier in operation
Data Input Variable

Cash Flow (€)

0.04

2,716,757

Total CAPEX
Annual Revenue:
Operating Costs
Net Cash flow:
Cash flow Inflator:
Cost of Money:
Discounted Payback Period
. .

Siiple Payback PeriK
Net Present Value
Internal Rate of Return
Maximum Capital at Risk
.MH to cost Ratio

2,291,359
530,942
1,240,462
■709,520

€
C/yr
€/yr

C/yr

1.05
6.62% %
Nevel years
4.32 years

c
muMi %

■"

13843911 €

.

-13,843,911

Unit

After surplus heat used for drier have
to provide for remaining drier
requirements

Cost of additional energy for drier
Electricity for drier at 10%
Entire Site Electricity Cost
Sludge Plant Water Cost

362,634
56,110

ao4

€/kWhr

24,866

Sludge Plant 08iM Cost

125,000

Sludge Disposal Management Cost
Sludge Plant Labour
AD Plant Assumed OPEX

350,000
150,000
171,852

Total

1,240M

Aoife Moloney

kWh

9,065,853

123,429
407,514

0.15

Summary

■9,642,282
■10,1%,057
-10,741,418
■11,278,493
■11,807,407
■12,328,284
-12,841,248
■13,346,417
■13,843,911

3,085,714

Total

■7,929,165
■3,508,969
■9,079,964

-553,775
-545,361
-537,074
-528,914
-520,878
-512,%3
■505,169
■497,494

Rate
(€/kWhr)
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Cumulative Discounted Payback Period
Year

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Cumulative
Net Cash Flow (€) net cash flow
(€)
-3,433,190
-902,715
-947,851
-995,244
-1,045,006
-1,097,256
-1,152,119
-1,209,725
-1,270,211
•1,333,722
-1,400,408
-1,470,428
■1,543,950
■1,621,147
■1,702,204
■1,787,315
■1,876,680
-1,970,514
-2,069,040
-2,172,492
-2,281,117

-3,433,190
-4,335,905
■5,283,756
■6,279,000
■7,324,006
■8,421,262
■9,573,381
■10,783,106
-12,053,317
-13,387,039
-14,787,447
■16,257,875
-17,801,824
■19,422,971
■21,125,176
■22,912,490
-24,789,171
-26,759,685
-28,828,725
-31,001,217
-33,282,334

Present
Value at
6.62%

Cumulative
Present Value
(€)

-3,433,190
-846,666
-833,802
-821,133
-808,656
■7%,370
■784,269
-772,353
-760,618
-749,061
-737,680
-726,471
-715,433
-704,563
■693,857
■683,315
■672,932
■662,708
■652,639
■642,722
■632,957

-3,433,190
-4,279,856
■5,113,658
■5,934,791
-6,743,447
■7,539,816
■8,324,086
-9,096,439
■9,857,057
-10,606,118
-11,343,797
■12,070,268
-12,785,701
-13,490,264
-14,184,121
-14,867,436
-15,540,368
-16,203,076
-16,855,715
■17,498,437
•18,131,394

Operating Costs with Drier in operation
Data Input Variable
No Surplus heat for drier therefore
have to provide for all drier
requirements

9,473,112

Cost of additional energy for drier

378924

Electricity for drier at 10%
Entire Site Electricity Cost

56110

Sludge Plant Water Cost

Rate
(€/kWhr) Cash Flow (€)

MAD, surplus energy exported to grid
All of Digester heating requirements met ■ Offset costs
Surplus energy exported to grid

3,085,714
5,538,911

0.04
0.078

Total
Summary
Total CAPEX
Annual Revenue:
Operating Costs
Net Cash flow;

",

^

'

Cash flow Inflator:
Cost of Money:
Discounted Payback Period
Simple Payback Period
Net Present Value
Internal Rate of Return
Maximum Capital at Risk
Benfit to Cost Ratio

3,433,190
555,464
1,458,179
■902,715

€
€/yr
€/yr
€/yr

1.05
6.62% %
Never years
6.18 years
-18,131,394 €
ffNUMI %
18131S4 €
0.00

Unit

kWh
0.04

125000

Sludge Disposal Management Cost
Sludge Plant Labour
AD Plant Assumed OPEX
Assumed Upgrading Plant OPEX
Total

350000
150000
257489
225570
1,567,960

123,429
432,035

5S5,«M

€'kWhr

24866

Sludge Plant O&M Cost

Aoife Moloney

Drier in operation
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Sceneirio 1 - Economics Summary

Scenario 1 - MAD with Drier
Digester Heat

CHP-Heat&

Gas Grid

only

Electricity

Injection

2,000,000

2,291,359

344,985

530,942

5.80

4.32

6.18

Data Analysis/Results: (Criteria > duration)

Accept

Accept

Accept

Discounted Pifback Period

Never

Never

Never

Data Analysis/Results: (Criteria > duration)

Reject

Reject

Reject

-13,238,159

-13,843,911

-18,131,394

Reject

Reject

Reject

Item
CAPEX
Annual OPEX Savings
Simple PfKback Period

Net Present Value
Data Analysis/Results: NPV Criteria (Criteria: > 0)

3,433,190
555,464

Units
euro
euro
, 1»ars

wars

euro

Benefit Cost Ratio (BCR)
Data Analysis/Results: BCR Criteria (Criteria > 1.0)
----Discount Rate, i
Internal Rate of Return (IRR)
Data Analysis/Results: IRR Criteria (Criteria > discount rate)

Aoife Moloney
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Scenario 2 Development
Scenario 2 AD and THP System Design

Calculations
Insufficent Energy
Input Variables to meet demand

Plant Design Details

Data

Units

demand
Assumptions/lnp
ut Variables
Notes, Formulas, References

LMD
130,000 P.E.

Plant Name
Design PE
Design BOD Loading

B Mass Post-thickening (PFTs)

9? T/d thicketied

Activated Sludge (AS) System
Theorethical WAS TS
Actual WAS TS
Actual Thickened WAS from GBT

0.8 to 1.2 %DS
0.88% %DS
5.5% %DS
80% %

Theorethical WAS VS

82.85% %

Actual WAS VS concentration

2083 TDS/yr

. :■ > ;

^

Ref: Metcalf 8c Eddy 4th Edition
4.8% Plant Process Data 2012
7% Ref: Metcalf 8c Eddy 4th Edition
65% Ref: Metcalf 8c Eddy 4th Edition
81.69% Lab Results - Ref Thesis Chapter 6.0
Design Primary SludgeTDS/yr, based on % from

65% %
81.69% %
_________ 1^9 TOS/yr
5 TDS/d-^'-'

PSMassTDS

Plant Design Data

5 to 9 %DS
4.8% %DS
7% %DS

Actual PS Total Solids (TS) Concentration
Theorethical PS TS only post PFTs
Theorethical PS Volatile Solids (VS) Concentration
Actual PS VS concentration

‘

Limerick Main Drainage WWTP
Plant Design Data

7,800 kg/BOD/d

Plant Operational Details
Primary Sludge (PS)
Theorethical PS Total Solids (TS) Concentration

Mass

Sufficient
Energy to meet.

j

1,659 2012 data

i
Wmary Sludge and Import mix % DS Average
result 2012off PFTs = 4.68%. If only primary in
4.68% PFTs assume 7% DS (Ref: Metc9lf’& Eddy)
e

Metcalf 8c Eddy 4th Edition
0.88% Plant Process Data 2012
5.5% Plant Process Data
80% Ref: Metcalf Sc Eddy 4th Edition
82.85% Lab Results - Ref Thesis Chapter 6.0
2,083 Design W^.TDS/yf, based on % from 2012d3ta

6 TDS/d

£-^.,

BasWfl onProcess K^utts 2032 Aver-j^a
IVAS Mass Post • thickening i(SB'’"s)

104 T/d thlrkeried

^

5.5%

Imported Sludge
Imported Sludge Cake TS concentration
Theorethical Volatile Solids
Actual Imported Sludge Mix VS concentration

12% %DS
80% %DS
81.17% %DS
758 TDS/yr

^port Sludge Cake Mass TOS

12% Plant Process Data 2012
80% Ref: Metcalf & Eddy 4th Edition
81.17% Lab Results - Ref Thesis Chapter 6.0
758 geiiign^WAS TDS/yr, based on % from 2012 data

2 TDS/d
44 T/d thickened

Import Sludge Mass

Wmary Sludge and Import mix % DS Average
4.68% lesulV2012 off PFTs == 4,63%.

Digester Sizing
Primary Mass thickened
WAS Mass thickened
Imports Mass thickened
Combined Sludge Mass

Total Design Sludge Volume

Dry Solids content before AD

.

'

97
104 T/d thickened
44
' 245 T/d thickened

4,500 TDS/yr

5.3% %

97.14
103.75
44.37

------------ -------------------------------—------------------------------- ^
---------------------------------

Digester Volume Design based on LMD design
4500 capacity of 4,500TDS/yr.
Based on plant data results for thickened WAS
off GBT result and thickened primary and
5.3% imports sludge mix out of PFT results

Primary DigesterVolume (Based on 12 day HRT)

2,818

12 days (Ref: Metcalf 8i Eddy)

Secondary DigesterVolume (Based on 14day HRT)

3,288 m

14

Atal Digester Volume Required

6,106

Aoife Moloney

Formula: Volume = Q xHR,T"s-
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Assumptions/lnp
Plant Design Details

Data

Units

ut Variables

Notes, Formulas, References

New Digester volume - Post Thermal Hydrolysis
Total Design Sludge Volume

4,500

Dry Solids content post TH, pre AD

4500 TDS/yr

11%

Primani Digester Volume (Based on 12 daif HRT)

11% %
12 days (Ref; Metcalf & Edd^

1345

SecondaW Di(!ester Volume (Based on 14day HRTl

1569 m^

New Digester Volume Post Thermal Hudrolysis

2914

14 days
Formula; Volume = Qx HRT

Biogas Production

Primary Sludge kg VS/d

3,714
4,727 kg/VS/d
1,686

WAS kg VS/d
Imported Sludge kg/VS

82%

83%
81%

Ref Laboratory Results Thesis Chapter 6.0

10,127 kg/VS/d

Total kg/VS

Primary Sludge kg VS/d destroyed

2,228

WAS kg VS/d destroyed

2,836

60%
60% Assuming ~ 60% VS Reduction Post TH on Sludge
mix Ref: Cambi Paper Combined Experiences of
Thermal Hydrolysis and AD - Latest Thinking on
60% Hydrolysis of Secondary Sludge Only.

kg/VS/d destroyed
Imported Sludge kg/VS destroyed

1,011
kg/VS/d d^traged'^

Total kg/VS destroyed

Primary Sludge mVbiogas per day
WAS mVbiogas per day
Import Sludge mVbiogas per day

1.00 Assuming 1.0 m*of biogas is produced per kg of

2228

2,836 mVbiogas per day
1011
.6,076 m*biogas,per daV^

■otal theorethiral biogas produced-^VV'iijM^i^^ilHH

Primary Sludge m3 biogas/m’ sludge/day

_________________

23
m^biogas/m^
27
sludge/day
23
“ —s:

WAS
Import
-

1.00 VS destroyed (Ranges 0.8 - 1.2 m3) Reference:
1.00
Metcalf & Eddy

-

Total theorethir.al biogas produced

”

73 sluri^/day

En'er^ Produced (MJ/ll)» CH4 Vielcttn^Vijit 21. X;
127,597 Nil/d

Jheorethical Energy Produced (Energy in Biogas)

i

.

21
Note: 1 mVof methane =17.78
bioga.s =
slu^ ehb.ii8^'if^

128

■

'.'V ■

1

’■ ' ■-.Vb.444'

of 21 (^/tOS so astoririingof bidsas paf kg '
^5 destroyed » 21

:

Dti Jerry

0.0036 ^IT= 3.S Mfia

’’ 132,936,937 kWh/yr^ ■: '

Energy Required to heat Digesters

As two-stage digester only primary digester
Volume of Primary Digester
Seasonal Average heat demand

1,345
0.1 kW/m^

1345 requries heating

Ref: Dr. Niamh Power Lecture notes

134 kW

.v'’"'

168 kW, , .
4,(B5- kt^h/d' -

80% Assu)TiiQg8o% Efficiency

,

';/i

24

365 days

11,472,727 kWh/yr

Ihergy to htott DiggstefS' ■

v

3.6 lkWh = 3.6 Ml = 0.0036 GJ

14526 MJ/d

15 GJ/d
P^Tcentage to heat digester. Ranges between

..... -f”:/s

■

;

S '

.

; ■ ^CI^IOX Utef: Mllcalf & Eddy & SEA> Economics of

. . 3i
113 GJ/d

Suplus Enerfir (after heatiMdigestersI

Aoife Moloney

111,464,210 kWh/Vr

Sutiable to directRas grid inject
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Scenario 2 - CHP

Expected Annual Revenue Streams

Insufficent
< ..
Energy to meet Sufficient Energy
Input Variables
demand
. to meet demand
Assumptions/
Data
Units
Input Variables
Notes, Formulas, References
Calculated Ref; Scenario 2
6076 develoMlIant

6071 ttVd

Estimated bioflK Yield

2,217,761 m^Afr

Istimated biOas Yield
Energy:
Energy Content of 1

5.83 kWh/m^

of bldas = 21MJ =

3.6 lkWh = 3.5MJ

10.48 kWh/m^

FneiwContent of 1of methane = 37.78 MJ =

3.6 lkWh = 3.6MJ
Range 40-70% (55.6% based on
biogas at 21 MJ and methane at 37.78
55.6% MJ)
Assumed CHP availability of ~90% i.e.
10% 7884 hrs

Estimated methane content of biogas
Losses (downtime, operational issues)

-

Efficiencies:
Electrical conversion efficiency
Heating efficiency
Therefore - Waste/Loss
Iherefore 1

of biogas =■

Therefore 1 m"* of biogas =

35% Assumed
45% Assumed
20% Assumed
1.84 kWh electricitv

Therefore Annuai Electricity Production

4,075,135 kWh*/year

Rerefore Annual Heat Production

5,239,460 kWhh/year

Electrical Production
Heat Production
Electrical Production
beat Production
Electrical Production
Heat Production
Total Electricity & heat Production
CHP Capacity Required
Electrical Energy Required for Plant
Heat Required fo Digester (NO Drier)

Note: AD a aneilliary equipment
require heating and electricity to
operate. A portion of this load can be
drawn down from the CHP generator

2.36 kWh heat

11,165
14,355
40,193
51,677
40
52
92

kWh/d
kWh/d
MJ/d
MJ/d
GJ/d

^

GJ/d
GJ/d

^

517 kWei
4,643,377 kWh/yr
1,472,727' kWh/yr

3.6
3.6
fkWh = 3.6 MJ= 0.0036 GJ
0.0036
0.0036
7884 7884 hrs

Insufficient Sectricity torneet'
dem^d..Exporting all electricity, to,
import plants r^uirerrients
price achieved for selling
Surplus Electricity if CHP eiectricity used onsite
Sunlus Heat if CHP heat used on site

Aoife Moloney

kWh/yr
3,766,732 kWh/r
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Scenario 2 - CHP Expenditure
Assumptions/
Investment Capital Expenditure (CAPEX)

Cost €

Input Variables

Notes, Formulas, References

THP Plant

Cambi B2 Thermal Hydrolysis Plant
Dewatering Prior to THP plant
THP Total Cost

1,000,000
100,000

1,000,000 Ref: Cambi
100,000 Assumption

1,100,000

AD

Primary Digester
Secondary Digester
Assoc plant - mixers, pumps, silos

100,000

100,000

Reduced Volume due to Cambi THP
Plant'2914m^

Heating, pipes, pumps, 1 No. boiler 250kW
SCADA, Telemetry, instrumentation (flow meters etc)
Included in Sub Total Cost below

Construction, Buildings and Infrastructure

Project development/planning costs
Professional Fees

-

Earth Works

Weighbridge

N/A

Already a weighbride onsite

Reception building

N/A
N/A

Already a reception building
N/A

Site Access roadways
Fences, gates, new additional pathways/roadways,
landscaping
Bunding

-

Gas Storage
Digestate Storage
Odour Management

_

Included in Sub Total Cost below

Health & Safety Equip - Gas monitors. Access etc.
Ref:Conversation with Planning and
Permitting Coordinator with Kedco
Sub Total
Total AD Cost

1,750,000
1,850,000

1,750,000 Pic.

CHP Costs

Proposed Installation of Internal
Combustion Engine - ICE. Cost~1000
euro/kW Ref: (Lynch & Schettler,
CHP - 1 no. 517 kW electrical power output

Aoife Moloney

516,887

1,000 2010) (Moss, etal., 2013)
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Assumptions/
Cost€

Investment Capital Expenditure (CAPEX)

Notes, Formulas, References

Input Variables

Ancilliary Equipment: Heat exchangers, dump
radiators, cables, piping

-

Total CHP Cost

516,887

Included

Grid Connection

Grid Connection application costs

10,145

40,000
50,145

Grid Connection Costs
Total Grid ConnectionCost

v

10,145

Pre Feasibility & Full Application
Costs. Ref: SEI Renewable Energy Grid
Connection (RPS Group)
40,000

Grants Received
Up to 40% of Feasibility Study Costs (Assuming
Feasibility = 20000euro)

N/A

Up to 30% CHP Capital Expenditure. Maximum grant
155,066

of 1.5 million euro
fetlmated Total CAPEX

.3,361,966

Assuming SEAI/Government Support
grant from 2010-2011 - CHP
Deployment Programme. However
scheme closed at present. Reference:
www.seai.ie/grants/CHP
30%
;

, ■

■■

■

■

'

Operational Expenditure (OPEX)
Assuming 7% of CAPEX Ref: SEAI
7% Economics of a Biogas Plant

Spare Parts, Operation, Maintenance

235,338

Estimated Total OPEX

235,33$

......

Insurance

16,810

Assuming 0.5% of CAPEX Ref: SEAI
0.50% Economics of a Biogas Plant

Estimated other costs Total

16,810

Other costs

Expected Total Annual Expenditure

Aoife Moloney

_

252,147
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Scenario 2 - Direct Gas Grid Injection Expenditure
Assumptions/
Investment Capital Expenditure (CAPEX)

CostC

Input Variables

Notes, Formulas, References

THP Plant

Cambi B2 Thermal Hydrolysis Plant
Dewatering Prior to THP plant
THP Total Cost

1,000,000
100,000

1,000,000 Ref: Cambi
100,000 Assumption

1,100,000

AD

Primary Digester
Secondary Digester

100,000

100,000

Reduced Volume due to Cambi THP
Plant '2914m^

Assoc plant - mixers, pumps, silos
Heating, pipes, pumps, 1 No. boiler 250kW
SCADA, Telemetry, instrumentation (flow meters etc)
Included in Sub Total Cost below

Construction, Buiidings and Infrastructure

Project development/planning costs
Professional Fees
Earth Works

Weighbridge

N/A

Already a weighbride onsite

Reception building

N/A

Site Access roadways
Fences, gates, new additional pathways/roadways,
landscaping
Bunding

N/A

Already a reception building
N/A

-

Gas Storage
Digestate Storage
Odour Management

_

Included in Sub Total Cost below

Health & Safety Equip - Gas monitors. Access etc.
Ref:Conversation with Planning and
Permitting Coordinator with Kedco
Sub Total

1,750,000

BtaiAOCost

1,850,000

1,750,000 Pic.

Biogas Cieaning & Upgrading Cost

Cost based on March 2012 Data from
Biomethane Regions Report - A guide
for England and Wales April 2013.
Investmet Cost of 5,500 €/(mVhr) is
based on a 250 mVhr water scrubbing
Biogas cleaning and scrubbing (if required)

Aoife Moloney

1,375,000

5,500 unit.
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Assumptions/
Investment Capital Expenditure (CAPEX)

Cost€

Input Variables

Notes, Formulas, References

All Ancillary Equipment

Included

Total Biogas. &Upgradi||fl Cost

1,375,000

Grid Connection

Grid Connection costs

58,190

Total Grid ConnectlonCost

Based on UK data as currently in
Ireland. Assumption based on
National Grid charging proposals for
distributed gas entry - based on full
58,190 entry facility owned and operated by
supplier - 50,000 GBP. The cost
increases to ~ 300,000 GBP if the gas
company take on complete entry
facilitity operation. Ref:Securing
Income
Biomethane Sales (Peter Rayson)

58,190

Grants Received

Biomethane to Grid - Capital Grants

-

Estimated Total CAPEX

-

Using UK as example here as no
example in Ireland - Underthe RHI
there is no capital installation grants
available. Ref: Ref: Renewable Heat
Incentive https://www.gov.uk/government/upl
oads/system/.../1393-rhi-faqs.pdf

4,383,190

Operational Expenditure (OPEX)
Assuming 7% of CAPEX Ref: SEAI
Spare Parts, Operation, Maintenance

438,319

Estimated Total OPEX

438,319

7% Economics of a Biogas Plant

Other costs
Assuming 0.5% of CAPEX Ref: SEAI
Insurance

21,916

Estimated other costs Total

21,916

llxpectedTotai Annual Expenditure

Aoife Moloney

I

0.50% Economics of a Biogas Plant

460,235

Page 154

Appendix C

Scenario 2 - Drier OPEX Compared to Cambi Pre-treatment OPEX
Assumptions/Inpu
Details

Data

Units

Sludge Treatment Design Capacity

t Variables

4,500 TDS/yr

Notes, Formulas, References

4,500

Considering Costs if Drier Operational - Current Situation

Dewatered Sludge Dry Solids pre drying

23% %
19,565 (bnne.s/nr

Volume of Cake

............... -.........................................
92% TDS at 92% . Based on IMO Drier Requirements

4,891 TDS/vr

Dried Siosolid Volume

14,674 rWET

Volume of WE
iMMriM DrierCMratinBiklfte
Dried Biosolid Volume

23%

60%

60% » ....
2,935 TDSfcr

.

8,804 TWET

Ifclume of sludge

7,826 TDS/vr

Volume of Cake

.

Total Djsposal Volume

1*763

r.os/%r

....... ...

Sludge Treatment OPEX Costs - Current Situation
Based on 2012 Sludge Management Disposal Data. This equates
Cost of Disposal

350,000 €/yr

Cost of Gas

358,349 €/yr

350,000 to approximate 35 C/tonne
Based on 2012 Gas Bills. This equates to an average gas cost of 04
358,349 €/kWh or40€/MWh

0&M

125,000 €/yr

Plant Data. Based on O&M for drier being approx, half of total
125,000 O&M expenditure

Labour
Electricity

150,000 €/yr
56,110 €/yr

150,000 Plant Data. Based on three employees
56,110 Assuming drier consumes ~ 10% of Sites Electricity

Water

24,866 €/yr
1,064,325 f/vr

(btal Operational Cost

24,866 Main Potatble water use is for poly make up and wash waters.
-

Considering Costs if Drier Non Operational, with THP, and MAD installed

Sludge Quantity

TDS Digested

4,500 TDS/yr

4500

2,340 TDS/yr

Based on an estimated 52% VS bioconversion rate. Results of
57.5% and up to 65% also reported. Ref. Combined Experiences
52% of TH and AD paper (Piat et al)
Dewatering Results improve with DS of 32% achievable post TH
process Ref: Combined Experiences of TH and AD paper (Piat et

Dewatered Sludge Dry Solids
Volume of Cake

32%
7,313 TDS/yr

Total OlsMsal Volume

7.313 TDS/vr

32% al)
.
a

Sludge Treatment OPEX Costs - THP and AD (No drier)

Based on 2012 Sludge Management Disposal Data. This equates
Cost of Disposal

255,938 fefr

Value of Gas
O&M
Labour

180,000
50,000

35 to approximatly 35 €/tonne

Equivalent to 0.03 euro/kWh or 30euro/MWh net for electricity
50,000 Ref: Cambi

75,000

Electricity

■

-10 Ref: Cambi

75,000 Ref: Cambi
Assuming AD consumes approximately 10% of Plants electricity
56,110 Ref: WERE 2009

56,110

■ /

. i.
, .

,' •

■

■

S’f

‘ ‘ V- '

:

’
Total OOerational Costs
Deduction in OPEX throlfeih Cambi THP and AD with no

Aoife Moloney

257,047 C/vr
807.278 €/vr

' ■'

■

;■

■; y'.

. -
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Scenario 2 - Economics
Cumulative Discounted Payback Period
Year

Net Cash Flow Cumulative net
cash flow (€)
(€)

Present Value at
6.62%

Cumulative
Present Value (C)

NO Drier

0

•2,950,000

-2,950,000

-2,950,000

-2,950,000

MAD, pre-treatment, gas utilised for digester heating only

1

-198,B8

-3,148,138

•185,836

-3,135,836

Digester Heating Requirement met - Offset cost

2
3
4

-208,045
-218,447
-229,370
-240,838
•252,880
•265,524
-278,800
•292,740
•307,377
•322,746
-338,883
•355,828

-3,356,183
•3,574,630
-3,804,000
■4,044,838
•4,297,718
•4,563,242
■4,842,043
•5,B4,783
•5,442,160
-5,764,906
■6,103,790
-6,459,617

•183,012
•180,231
-177,493
-174,796
-172,140
-169,525
•166,949
•164,412
-161,914
-159,454
-157,031
•154,645

■3,318,848
-3,499,079
■3,676,572
-3,851,38
-4,023,509
-4,193,034
■4,359,983
-4,524,395
-4,686,309
■4,845,78
■5,002,795
■5,157,440

•373,619
•392,300
-411,915
•432,511
•454,136
•476,843
•500,685

•6,833,236
•7,225,536
-7,637,451
-8,069,%2
-8,524,098
-9,000,941
-9,501,627

•152,296
•149,982
-147,703
•145,459
•143,248
-141,072
•138,928

■5,309,736
-5,459,717
■5,87,420
■5,752,879
■5,8%,127
■6,037,199
■6,176,127

5
6
7
8
9
10
11
12
B
14
15
16
17
18
19
20

Cash Flow
(£)

0.04

58,909

1,472,727

sBiid

Total
Summary
Total CAPEX
Annual Revenue:
Operating Costs
Net Cash flow:

^

Aoife Moloney

Rate (€kVyhr)

Cash flow Inflator:
Cost of Money:
Kscounted Payback Period
Simple Payback Period
Net Present Value
Internal Rate of Return
Maximum Capital at Risk
Benfitto Cost Ratio

2,95a000
58,909
257,047
-198,138

{
f/yr
f/yr
f/yr

LOS
6.62X %
Nwer nears
8.08 ^ars
•6;176,127 C
#NUM! %
6176,127 £
..

m
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Cumulative Discounted Payback Period
Present
Value at
6,62%

Cumulative
Present Value
(C)

-3,361,%6

■3,361,966

■3,361,%6

MAD, pre-treatment with CHP

413,132

-2,948,834

387,481

■2,974,485

Digester Heating Requirement met ■ Offset cost

1,472,727

433,789
455,478
478,252
502,165
527,273
553,637
581,318
610,384
640,904
672,949
706,5%
741,926
779,022
817,973
858,872
901,816
946,906
994,252
1,043,%4

■2,515,045
■2,059,567
-1,581,315
■1,079,150
■551,877
1,760
583,078
1,193,463
1,834,366
2,507,315
3,213,911
3,955,837
4,734,859
5,552,833
6,411,705
7,313,520
8,260,427
9,254,679
10,298,643

381,593
375,795
370,086
364,462
358,925
353,471
348,101
342,811
337,603
332,473
327,421
322,447
317,547
312,722
307,971
303,292
298,683
294,145
289,676

■2,592,891
■2,217,0%
■1,847,010
■1,482,548
■1,123,623
■770,152
■422,051
■79,240
258,363
590,836
918,257
1,240,704
1,558,251
1,870,974
2,178,945
2,482,236
2,780,919
3,075,064
3,364,740

Exporting electriaty produced
Grid Export (kWhr)
Surplus Heat from CHP?Use

4,075,135
3,766,732

Year

Net Cash Flow (C)

0

-3,361,966

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Aoife Moloney

NO Drier

Total

Rate
|C/kWhr)

,

004
015

.

Cash Flow (€)

58,909
611,270

670,11!

Summary
Total CAPEX
Annual Revenue:
Operating Costs
Net Cash flow:

r.-'t

1

Cash flow Inflator:
Cost of Money:
Discounted Payback Period
Simple Payback Period
HetPresentValue
internal Rate of Return
Maximum Capital a Risk
Benfit to Cost Ratio

3,361,%6
670,179
257,047
413,132

i

c/yr
c/yr
c/yr

105
6.62% %
9.23 years
5^02 years
<
15.4440% %
m
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Cumulative Discounted Payback Period
Cumulative
Present
Present Value
Value at 6.62%
(6)

Year

Net Cash
Flow (€)

Cumulative net
cash flow (€)

0

•4,383,190

-4,383,190

-4,383,190

■4,383,190

NO Drier

MAO, pre-treatment, surplus gas post AD heating export to

1

470,500

■3,912,690

441,287

-3,941,903

2

494,025

-3,418,664

434,582

-3,507,321

Rate l&kWhr)

gas grid

Digester Heating Requirement met - Offset cost
Surplus Energy after heating digester export to gas grid

3

518,727

-2,899,938

427,979

-3,079,342

4

544,663

-2,355,275

421,476

-2,657,866

5

571,8%

-1,783,379

415,072

■2,242,794

6

600,491

•1,182,888

408,766

■1,834,028

7

630,515

-552,373

402,555

•1,431,473

8

662,041

109,668

3%,438

■1,035,035

9

695,143

804,811

390,415

-644,620

Total CAPEX

10

729,900

1,534,712

384,483

-260,138

Annual Revenue:

11

766,395

2,301,107

378,641

118,503

Operating Costs

12

804,715

3,105,822

372,888

491,391

Net Cash flow:

13

844,951

3,950,773

367,222

858,613

14

887,198

4,837,971

361,642

1,220,255

Cash flow Inflator:

15

931,558

5,769,530

356,147

1,576,403

Cost of Money:

16

978,136

6,747,666

350,736

1,927,139

Discounted Payback Period

17

1,027,043

7,774,709

345,407

2,272,546

Simple Payback Period

18

1078,395

8,853,104

340,159

2,612,704

19

1,132,315

9,985,419

334,990

2,947,695

Net Present Value
Internal Rate of Return

20

1,188,931

11174,350

329,901

3,277,595

5_ _ _ _ _ _ _ _ _ _

.

Cash Flow (€)

1,472,727

0.04

58,909

11,464,210

0.078

894,208

953,1S

Total

Summary

Maximum Capit^silfsk
^ffen^toCostRatiq

4,383,190
953,117
482,617
470,500

{
C/yr
C/yr
C/yr

L05
6.62X %
ia69 years
460 yesK .........
3,277,595 €

J

114524X
4,3©,190
1.75

Assumed Operating Costs of biomethane upgrading plant Ref: Biomethane
Regions
Typical operating costs for a water scrubbing plant as
speced for this project. Capacity 250 mVhr biomethane.
10.3 cent/m^of biomethane
Plant Capacity

Total Daily Estimated Cost
Total Annual Estimated Cost

Aoife Moloney

0.103 €/m^
250 m^/hr

618 €/d
225,570 €/yr
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Scenario 2 - Economics Summary
Scenario 2 - MAD, pre-treatment, No Drier

Item

Digester Heat

CHP-Heat&

Gas Grid

only

Electricity

Injection

Units

2,950,000

3,361,966

4,383,190

euro

Anmual OPEX Savings

58,909

670,179

953,117

euro

Simiple Payback Period

5a08

5.02

4.60

years

Dat;a Analysis/Results: (Criteria > duration)

Reject

Accept

Accept

Discounted Payback

Never

9.23

10.69

Dat;a Analysis/Results: (Criteria > duration)

Reject

Accept

Reject

-6,176,127

3,364,740

3,277,595

Reject

Accept

Accept

CAPEX

Net: Present Value
Data Analysis/Results: NPV Criteria (Criteria: >0)
Bemefit Cost Ratio (BCR)

years

euro

2.00

L75

Dat:a Analysis/Results: BCR Criteria (Criteria > 1.0)

Accept

Accept

Discount Rate, i

6.62%

6.62%

%

15%

13%

%

Accept

Accept

Inteirnal Rate of Return (IRR}
Data Analysis/Results; IRR Criteria (Criteria > discount rate)

Aoiife Moloney

ratio
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Scenario 3 Development
Scenario 3 AD. THP, Co-diEestion System Desisn

Calculations
Insufficent Energy
Input Variables

to meet demand

Sufficient Energy
to meet demand
Assumptions/Inpu

Plant Design Details
Plant Name
Design PE
Design BOD Loading

Data

Units
LMD
130,000 P.E.
7,800 kg/BOD/d

t Variables

Notes, Formulas, References
Limerick Main Drainage WWTP
Plant Design Data
Plant Design Data

Plant Operational Details
Primary Sludge (PS)
Theorethical PS Total Solids (TS) Concentration

5to9 %DS

Actual PS Total Solids (TS) Concentration

4.8% %DS

Theorethical PS TS only post PFTs
Theorethical PS Volatile Solids (VS) Concentration
Actual PS VS concentration

7% %DS
65% %
81.69% %

Ref: Metcalf & Eddy 4th Edition
4.8% Plant Process Data 2012
7% Ref: Metcalf & Eddy 4th Edition
65% Ref: Metcalf & Eddy 4th Edition
81.69% Lab Results - Ref Thesis Chapter 6.0
Design Primary SludgeTDS/yr, based

1659 TDS/vr
PSMassTDS

1,659 ■n % from 2012 data

5 TDS/d
Average result 2012 off PFTs = 4.68%. If

iM/lass Post- thickening (GBTs)

97 T/d thickened

Only primary in PFTs assume 7% OS
4.68% |Ref; Metcalf & Eddy)

Activated Sludge (AS) System
Theorethical WAS TS
Actual WAS TS

0.8 to 1.2 % DS
0.88% % DS

Actual Thickened WAS from GBT

5.5% % DS

Theorethical WAS VS

80% %

Actual WAS VS concentration

WAS Mass TOS

82.85% %
2083 TDS/yr
6 TDS/d

Metcalf & Eddy 4th Edition
0.88% Plant Process Data 2012
5.5% Plant Process Data
80% Ref: Metcalf & Eddy 4th Edition
82.85% Lab Results - Ref Thesis Chapter 6.0
tesign Primary SludgeTOS/yr, based
2,083 lan % from 2012 data

,

i

: ,

Sased on Plarrt Process Results 2012
p/AS Mass Post thickening

104 T/d thickened

5.5% Average Off GBTs =- 5.5%

Imported Sludge
Imported Sludge Cake TS concentration

12% %DS

12% Plant Process Data 2012

Theorethical Volatile Solids

80% % DS

80% Ref: Metcalf & Eddy 4th Edition

Actual Imported Sludge Mix VS concentration

81.17% %DS

81.17% Lab Results - Ref Thesis Chapter 6.0
itesign Primary SludgeT05/yr, based

758 TDS/yr
Import SI udge Cake Mass TDS
frtiport SludgQ fy^ass

Aoife Moloney

758 pn % from 2012 data

2 TDS/d
"
V ■
44 T/d thickened,

ihiport mix % DS "
4.68% Average result 2012off Pfts ?.4.68%.
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Assumptions/Inpu
Plant Design Details

Data

Units

t Variables

Notes, Formulas, References

Assuming Imported FOG
Ref: CH2M -Hill Paper Biosolids to
Energy - Co-Processing FOG and
Sludge to increase energy recovery
Theorethical Volatile Solids of FOG
Import.POtt Mass TPS

90 %

3

Import FOG Masf TDS

TDS/d
TDS/yr

90 potential
3
365

Assumed Quantity

Average TS% based on data from
literature. Ref: Biosolids to energy - Co
Processing FOG and Sludge to increase
Imported FOG TS concentration

11 %

ImDort FOG Mass

27 T/d thickened

11% energy recovery potential CH2M-Hill
Based on Assumed Imported mass of 3
TDS/d at 11% DS

i

Digester Sizing
Primary Mass thickened
\A/AS Mass thickened
Imports Mass thickened
Import FOG
Combined Sludge Mass

97 T/d thickened

97.14

104 T/d thickened

103.75

44 T/d thickened

44.37

27 T/d thickened
273 t/d thickened

27.27

—--------------------------------------------^^—------------------—------------------- ------------■

DigesterVolume Design based on
Total Design Sludge Volume

4,500 TDS/yr

Iptal Sludge Volume including FOG Imports

5,595 TOS/vr

4500 LMD design capacity of 4,500TDS/yr
5595lbfislderinH 1095 TDS/vr of FOG

5,595

5595 TDS/yr

New Digester Volume - Post Thermal Hydrolysis
Total Design Sludge Volume incl. FOG
Dry Solids content postTH, pre AD

11%

Primary DigesterVolume (Based on 12 day HRT)

1672

12 iays (Ref; rvtetcalf & EddyV :

Ktondary DigesterVolume (Based on 14 day HRT)

1951

14

New DigesterVolume Required Post Thermal
li^idrdlvsTsTnrirCn-Di'ffestlohexKa capacity

3623

11% %
............. ".H

tmmfiiarVt^tome-Qx MRT ■

;

Biogas Production
Primary Sludge kg VS/d

3,714 kg/VS/d

82%

\NAS kg VS/d

4,727 kg/VS/d

83%

Imported Sludge kg/VS/d

1,686 kg/VS/d

81%

Imported FOG kg/VS/d

2,700 kg/VS/d

90% Assume 90% VS content

Total kg/VS

Ref Laboratory Results Thesis Chapter
6.0

12,827 kg/VS/d

Primary Sludge kg VS/d destroyed

2,228

60%

vyAS kg VS/d destroyed

2,836

60% on WAS Ref: Cambi Paper Combined

Imported Sludge kg/VS destroyed

1,011

Imported FOG kg/VS destroyed

2,052

Total kg/VS destroyed

8,128 kg/VS/d destroyed

kg/VS/d destroyed

Assuming 60% VS Reduction Post TH
Experiences of Thermal Hydrolysis and

60% AD - Latest Thinking on Hydrolysis of
Assume ~80% VS Reduction of FOG

Primary Sludge m Vbiogas per day
WAS mVbiogas per day
Import Sludge mVbiogas per day

76% Ref: EBMUD Paper

1.00 Assuming 1.0 m’ of biogas is produced

2228
2,836
1011

-v‘'Urv.

1.00
m^ biogas per day

per kg of VS destroyed (Ranges 0.8 -

1.00

1.2 m3)
Assume 1.3

of biogas production

per kg of VS destroyed Ref: Cao ye Shi
Import FOG m3/biogas per day
Total theorethical biogas produced

Aoife Moloney

2668

1.30 book

8,744 m^biogasDerdav
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Assumptions/Inpu
Plant Design Details

Data

Units

Primary Sludge m3 biogas/mB sludge/day

23

WAS

27

Import

23

t Variables

Notes, Formulas, References
-------------------

m biogas/m

---------------------------------- ------

sludge/day

--------------------- ----------m^biogas/m^

Total theorethicalbiqlasMQcluced

.

73 rfudn/dw
Energy Production Formula;

i

Energy Produced (MJ/d) =CH4 Yield’
21 m*/d.X21MJ/m^

183.617 MJ/d

Mote: 1

of methane = 37.78 MJ/m^;

1 m^of biogas = 21IVU/m^. Sev/age
Theorethical Energy Produced (Energy in Biog^as)

sludge energy value of 21 GJ/tDS so
BHuming 1 m* of biogas per kg VS
desiJWed = 21 MJ/m^ (Ref; Dr. Jerry

184 B/d ...

m

51,005 kWh/d

0.0036 lK.Wh = 3.6 MJ = 0.0036 GJ

18,616,707 kWh/Vr

Energy Required to heat Digesters
As two-stage digester only primary
1,672

Volume of Primary Digester

digester requries heating

0.1 kW/m^

Seasonal Average heat demand

Ref: Dr. Niamh Power Lecture notes

■miswi

167 kW
209 kW

■

^

1,831,091 kWh/yr
Energy to heat Digesters

SB

Saw

^

.

3.S IkWhn 3.6 (VU = 0.0036 6J

18060 MJ/d

i

80% Assuming 80% Efficiency
24 hrs

5,017 kWh/d

■■

ll GJ/d
Percentage to heat digester. Ranges
between 20-50% Ref: Metcalf & Eddy
as

-10 %

m
Sualus Enemr (afterJteatbll dinners)

Aoife Moloney

- 'S: ■'

& SEAI Economics of a Blogas Plant

GJ/d

. 16,785,612 kWh/ir

SuMBIetffdi^nsaiding

.___ _
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Scenario 3 - CHP
Input Variables
Expected Annual Revenue Streams

Data

Enefllf to meet

to meet demand :
Assumptions/

Units

Input Variables

Calculated Ref: Scenario 2
8744 develoARient

8,744 mVd

Estimated BiaOis Yield

Notes, Formulas, References

-

3,191,435 mVtff

Estimated BIQOls Yield
Energy:
EneflWContent of 1 m^of biONas ? 21MJ =
EneSSf Content of 1

/

t-

3.6 lkWh=3.6MJ

5.8a kWh/m®
10.41 kWh/m^

of methane = 37.78 MJ =
-

Estimated methane content of biogas
-

Losses (downtime, operational issues)

10% 7884 hrs

Efficiencies:
Electrical conversion efficiency
Heating efficiency

35% Assumed
45% Assumed
20% Assumed

Therefore - Waste/Loss
Therefore 1 m* of biogas =

1.84 kWh electricity

JJifirefore 1 m^ of biogas =

2.36 kWh heat

Therefore Annual Electricity Production

5,864,261 kWh^year

Therefore Annual Heat Production
llectrical Produaion

7,539,764 kWhi^year
16,066 kWh/d
20,657 kWh/d
57,839 MJ/d.
74,365 Ml/d
sj/d' ■
GVd ■
74

Heat Production
Electrical Production
Heat production
Bectrical Production
^eat Production

rdSi iiectficftvi’heatPWdfitRbh ^
CHP Capacity Required
dectrical Energy Required for Plant
Heat Required fo Diaester (NO Drier)
SulBlus Electricittf if CHP electricittused onsite
SuMiUs Heat if CHP heat used onsite..

Aoife Moloney

‘

3.6 lkWh = 3.6MJ .
Range 40-70% (55.6% based on
biogas at 21 MJ and methane at 37.78
55.6% MJ)
Assumed CHP availability of ~90% i.e.

.

-

..

.

<3fM:

1

3.6
3.6

;
‘

0.0036
0.0036

■

■

■

lkWh = 3.6 MJ= 0.0036 <3J

' .

744 kW„
4,^,377 kWh/yr
1,831,091 kWh/yr.
1,220,884 kWh/*r
5.708,674

Note: AD & ancilliary equipment
require heating and electricity to
operate. A portion of this load can be
drawn down from the CHP generator

Assumed CHP availability of "90% i.e.
7884 7884 hrs

mm.
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Scenario 3 - CHP Expenditure
Assumptions/
Investment Capital Expenditure (CAPEX)
THP Plant
Cambi B2Thermal Hydrolysis Plant
Dewatering Prior to THP plant
THP Total Cost
AD
Primary Digester

Cost€

Input Variables

1,000,000

Notes, Formulas, References

1,000,000 Ref: Cambi
100,000 Assumption

100,000
1.100,000
150,000

150,000

Secondary Digester

Based on design calculated volume
of 2230 m3

Assoc plant - mixers, pumps, silos
Heating, pipes, pumps, 1 No. boiler250kW

Included in sub total cost below
-

SCADA, Telemetry, instrumentation (flow meters etc)
Co-digestion Feedstock storage & pre-treatment
Construction, Buildings and Infrastructure
Project development/planning costs

100,000

100,000

Assumption

Included in sub total cost below

Professional Fees
Earth Works
Weighbridge

N/A

Already a weigh bride onsite

Reception building

N/A

Already a reception building

Site Access roadways
Fences, gates, new additional pathways/roadways,
landscaping
Bunding

N/A

N/A

-

Included in sub total cost below

Gas Storage
Digestate Storage
Odour Management
Health & Safety Equip - Gas monitors. Access etc.

Ref:Conversation with Planning and
Permitting Coordinator with Kedco
Sub Total
^Otal AD Costs

1,750,000
2,000,000

' :

1,750,000 Pic.
■ ■ ■
- ■ ■.

■'

.

1

CHP Costs

Proposed Installation of Internal

CHP - 1 no. 744 kW electrical power output
Ancilliary Equipment: Heat exchangers, dump

743,818
-

radiators, cables, piping
Total CHP Cost

Aoife Moloney

Combustion Engine - ICE. Cost ~1000
euro/kW Ref: (Lynch & 5chettler,
1,000 2010) (Moss, etal., 2013)
Included

743,818
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Assumptions/
Investment Capital Expenditure (CAPEX)

Cost€

Input Variables

Notes, Formulas, References

Grid Connection

Grid Connection application costs

10,145

Pre Feasibility & Full Application
Costs. Ref: SEI Renewable Energy
Grid Connection (RPS Group)

Grid Connection Costs

40,000

Total Grid ConnectionCost

50,145

Grants Received

Assuming SEAI/Government Support
grant from 2010-2011 - CHP

Up to 40% of Feasibility Study Costs (Assuming
Feasibility = 20000 euro)
Up to 30% Chip Capital Expenditure. Maximum grant
of 1.5 million euro
Estimated Total CAPEX .

N/A

Deployment Programme. However
scheme closed at present.
30% Reference: www.seai.ie/grants/CHP

223,145

-

3,670,818

■ ■:

.

J
^

i

Operational Expenditure (OPEX)
Assuming 7% of CAPEX Ref: SEAI
Spare Parts, Operation, Maintenance

256,957

Estimated Total OPEX

256,957

7% Economics of a Biogas Plant

Other costs
Insurance
isti mated other costs Total
Expected Total Annual Expenditure

Aoife Moloney

Assuming 0.5% of CAPEX Ref: SEAI
0.50% Economics of a Biogas Plant

18,354
18,354
275,31.1

'''

if'*'-
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Scenario 3 - Direct Grid Injection Expenditure
Assumptions/
Investment Capital Expenditure (CAPEX)

Cost €

Input Variables

Notes, Formulas, References

THP Plant

Cambi B2Thermal Hydrolysis Plant
Dewatering Prior to THP plant

1,000,000
100,000

THP Total Cost

1,100,000

1,000,000 Ref: Cambi
100,000 Assumption

AD

Primary Digester

150,000

150,000

Based on design calculated volume
of 2230 m^

Secondary Digester
Assoc plant - mixers, pumps, silos
Heating, pipes, pumps, 1 No. boiler 250I<W

Included in sub total cost below
-

SCADA, Telemetry, instrumentation (flow meters etc)
Co-digestion Feedstock storage & pre-treatment

100,000

100,000 Assumption

Construction, Buildings and Infrastructure

Project development/planning costs
Included in sub total cost below

Professional Fees
Earth Works
Weighbridge

N/A

Already a weighbride onsite

Reception building

N/A

Already a reception building

N/A

N/A

Site Access roadways
Fences, gates, new additional pathways/roadways,
landscaping
Bunding
Gas Storage

-

Included in sub total cost below

Digestate Storage
Odour Management
Health & Safety Equip - Gas monitors. Access etc.
Ref:Conversation with Planning and
Permitting Coordinator with Kedco
Sub Total

1,750,000

Total AD Costs

2,000,000

1,750,000 Pic.
• •>

.

Biogas Cleaning & Upgrading Cost

Cost based on March 2012 Data from
Biomethane Regions Report - A
guide for England and Wales April
2013. Investmet Cost of3,500
€/(mVhr) is based on a 500 mVhr
water scrubbing unit (due to
Biogas cleaning and scrubbing (if required)

1,750,000

3,500 increase in biogas yield to 375 mVhr

Included

All Ancillary Equipment
Total Cleaning & Uf^radirtg Cost

Aoife Moloney

1,750,000.
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Assumptions/
Investment Capital Expenditure (CAPEX)

CostC

Input Variables

Notes, Formulas, References

Grid Connection

Based on UK data as currently in
Ireland. Assumption based on
National Grid charging proposals for
Grid Connection costs

58,190

distributed gas entry - based on full
entry
facility owned and operated by
58,190
supplier - 50,000GBP. The cost
increases to ~ 300,000 GBP if the gas
company take on complete entn/
facilitity operation. Ref:Securing
Income
Biomethane Sales (Peter Rayson)

Total Grid CpnnectionCost

58,190

Grants Received

Biomethane to Grid - Capital Grants

-

-

Using UK as example here as no
example in Ireland - Under the RHI
there is no capital installation grants
available. Ref: Ref: Renewable Heat
Incentive https://www.gov.uk/government/up
loads/system/.../1393-rhi-faqs.pdf

Estimated Total CAPEX

4,908,190

Operational Expenditure (OPEX)
Assuming 7% of CAPEX Ref: SEAI
Spare Parts, Operation, Maintenance

343,573

Estimated Total OPEX

343,573

7% Economics of a Biogas Plant
'•H' ■

Other costs
Assuming 0.5% of CAPEX Ref: SEAI
Insurance
Estimated other costs Total

24,541
'^4,541

Expected Total Annual Expenditure

368,114

Aoife Moloney
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Scenario 3 - Economics

Year

Cumulative Discounted Payback Period
Cumulative
Net Cash Flow
Present Value at
net cash flow
6,627.
(€)
(€)

0

-3,100,000

Cumulative
Present Value
(€)

NO Drier

-3,100,000

-3,100,000

-3,100,000

MAD, pre-treatment, & co-digestion, gas utilised for digester heating only

Digester Heating Requirement met - Offset cost

1

-183,804

-3,283,804

-172,391

-3,272,391

2
3

-192,994

-3,476,797

-169,772

-202,643

-3,679,441

-167,192

■3,442,163
-3,609,356

4

-3,892,216
-4,115,631

-164,652

5

-212,776
■223,414

6
7

-234,585
■246,314

-159,687

8

■258,630

-4,350,216
-4,596,530
-4,855,161

9

■271,562

10

-285,140

-5,126,722
-5,411,862

-152,518
-150,200

■4,560,493
-4,710,694

11
12

-299,397
-314,367

-5,711,259
-6,025,625

-147,918
-145,671

-4,858,612
-5,004,283

Operating Costs
Net Cash flow;

13
14

■330,085
-346,589

-6,355,710
-6,702,299

-143,457
■141,278

-5,147,740
-5,289,018

Cash flow Inflator:

15
16

-363,919
■382,114

-7,066,218
-7,448,332

-139,131
■137,017

-5,428,149
-5,565,166

Cost of Money:
Discounted Payback Period

17
18

■401,220
■421,281

-7,849,552
-8,270,833

■134,935
-132,885

-5,700,101
-5,832,986

Simple Payback Period

19
20

-442,345
-464,463

-8,713,179
-9,177,641

-130,866

-5,963,852

-128,878

-6,092,729

Aoife Moloney

-162,150
-157,260
-154,871

Rate (C/kWhr)

Cash Flow
(€)

0.04

73,244

1,831,091

-3,774,008
-3,936,158
-4,095,845
■4,253,105
-4,407,976

Total

BM

Summary
Total CAPEX
Annual Revenue:

3,100,000 {
73,244 C/yr
257,047 €/yr
-183,804 C/yr
1.05
&62% %
Never years

42.32 years
Net Present Value ■6,092,729 €
Internal Rate of Return
0.{»6 %
Maximum Capital at Risk
6092729 €
Benfit to Cost Ratio
0.00

’1
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Year

Cumulative Discounted Payback Period
Present
Cumulative net
Net Cash Flow (C)
Value at
cash flow (€)
6.62%
f

0

■3,670,818

-3,670,818

Cumulative
Present Value
(€)

NO Drier

-3,670,818

-3,670,818

MAD, pre-treatment & co-digestion with CHP

652,631
642,715
632,950
623,333
613,862
604,534
595,349
586,303
577,395
568,622
559,982
551,474
543,095
534,843
526,716
518,713
510,832
503,070
495,426
487,899

■3,018,186
-2,375,471
-1,742,521
-1,119,189
-505,327
99,207
694,556
1,280,860
1,858,255
2,426,876
2,986,859
3,538,332
4,081,427
4,616,269
5,142,986
5,661,699
6,172,531
6,675,601
7,171,027
7,658,926

Digester Heating Requirement met ■ Offset cost
Exporting electricity produced
Grid Export (kWhr)
Surplus Heat from CHP? Use

Rate
(€/kWhr)

Cash Flow (€)

f

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

695,836
730,627
767,159
805,517
845,793
888,082
932,486
979,111
1,028,066
1,079,469
1,133,443
1,190,115
1,249,621
1,312,102
1,377,707
1,446,592
1,518,922
1,594,868
1,674,611
1,758,342

Aoife Moloney

-2,974,982
-2,244,355
■1,477,1%
-671,679
174,113
1,062,195
1,994,682
2,973,792
4,001,858
5,081,328
6,214,771
7,404,886
8,654,506
9,%6,608
11,344,315
12,790,907
14,309,829
15,904,697
17,579,308
19,337,650

1,831,091

0.04

73,244

5,864,261
5,708,674

0.15

879,639

. Tot^

JM

Summary
Total CAPEX
Annual Revenue:
Operating Costs
Net Cash flow:

=
' ^

^ ^^

3,670,818
952,883
257,047
695,836

{
C/yr
C/yr
€/yr

Cash flow Inflator:
1.05
6.62% %
Cost of Money:
5.8(
Discounted Payback Period
Payback Period
3.85 yea5
Net Present Value
7,658,926 i
23.1781% %
Internal Rate of Return
Maximum C^itafat Risk ‘3670818 €
Benfit to Cost Ratio
3.0864 ___ ___ - —

.
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Cumulative Discounted Payback Period

Year

Net Cash

Cumulative net

Present Value

Flow (€)

cash flow (€)

at 6.62%

Cumulative
NO Drier

Present Value
(€)

MAD, pre-treatment, & co-digestion, surplus gas post AD
0

-4,908,190

-4,908,190

-4,908,190

-4,908,190

heating export to gas grid

Digester Heating Requirement met - Offset cost

1

1,125,474

-3,782,716

1,055,594

-3,852,596

2

1,181,748

-2,600,968

1,039,555

-2,813,041

3

1,240,835

-1,360,133

1,023,760

-1,789,281

4

1,302,877

-57,256

1,008,205

-781,077

5

1,368,021

1,310,765

992,886

211,809

6

1,436,422

2,747,187

977,800

1,189,609

7

1,508,243

4,255,430

%2,943

2,152,552

Surplus Energy to export to gas grid

Cash Flow

1,831,091
16,785,612

0.04

73,244

0.078

1,309,278

Total

8

1,583,655

5,839,085

948,312

3,100,864

9

1,662,838

7,501,923

933,903

4,034,767

Total CAPEX

10

1,745,980

9,247,902

919,713

4,954,480

Annual Revenue:

11

1,833,279

11,081,181

905,739

5,860,219

Operating Costs

257,047 f/yr

12

1,924,943

13,006,124

891,977

6,752,1%

Net Cash flow:

1,125,474 €/yr

13

2,021,190

15,027,314

878,424

7,630,620

14

2,122,249

17,149,563

865,077

8,495,697

Cash flow Inflator:

15

2,228,362

19,377,925

851,933

9,347,630

Cost of Money:

16

2,339,780

21,717,704

838,989

10,186,619

Discounted Payback Period

17

2,456,769

24,174,473

826,241

11,012,860

Simple Payback Period

18

2,579,607

26,754,080

813,687

11,826,547

Net Present Value

13,417,019 €

19

2,708,588

29,462,668

801,324

12,627,871

Internal Rate of Return

27.4551% %

20

2,844,017

32,306,685

789,148

13,417,019

Maximum Capital at Risk

4908190 €

Summary

BenfittoCost R.atio

Aoife Moloney

(€)

Rate l&kWhr)

4,908,190 €
1,382,521 €/yr

1.05
6.62% %
4.79 years
3.55 years

3.7336

: ^
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Scenario 3 - Economic Summary

Scenario 3 - MAD, pre-treatment, co-digestion. No Drier

Item
CAPEX

Digester Heat

CHP-Heat&

Gas Grid

only

Electricity

Injection

Units

3,100,000

3,670,818

4,908,190

euro

Annual OPEX Savings

73,244

952,883

1,382,521

euro

Simple Payback Period

42.32

3.85

3.55

years

Data Analysis/Results: (Criteria > duration)

Reject

Accept

Accept

Discounted Payback

Never

5.84

4.79

Data Analysis/Results: (Criteria > duration)

Reject

Accept

Accept

-6,092,729 ,

7,658,926

13,417,019

Reject

Accept

Accept

3.09

3.73

Data Analysis/Results: BCR Criteria (Criteria > 1.0)

Accept

Accept

Discount Rate, i

6.62%

6.62%

%

23%

27%

%

Accept

Accept

Net Present Value
Data Analysis/Results: NPV Criteria (Criteria: >0)
Benefit Cost Ratio (BCI^

Internal Rate of Return (IRR)
Data Analysis/Results: IRR Criteria (Criteria >discount rate)

Aoife Moloney

fears

euro

ratio
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Template for Energy Resource Recovery

Data Entry Notes

Input Raw Data

Calculations

I Choose From Drop Down Menu
Preliminary Site Data

Facility Name

Limerick WWTP

Facility Address

Bunlicky, Dock Road, Limerick

Facility Owner

Limerick Council

Facil ity Operator

STR Ltd.

Name/Job Title of Person conducting checklist

AM

Date of Checklist

1 September 2013
Facility Description
Wastewater
Treatment Plant
(WWTP)

Type of Facility
Design P.E.

130,000

Design BOD Loading kg/BOD/d

7,800

Design Flow mVd

50,000

Design Sludge Plant TDS/d
Primary Sedimentation Tanks (PST) Treatment

4,500
Yes

Actual Load to Sludge Treatment Centre (STC) TDS/

1500

Actual Volume of Primary Sludge Removed m^/d

89

% Solids Removal of Suspended Solids across PST

40

Any Additional Information

No

PST Process Improvements ( Assuming pumps
oDtimisedJ
Lamallae Plates

Yes
No

Enhanced Percipitation (EPT) with chemical
dosing e.g Ferric Chloride

No

Reducing the hyrdaulic retention time (HRT)

Yes

Additional Information
Secondary Treatment

Yes

Activated Sludge System

Conventional Aeration

Sludge Retention Time (SRT) days

10

Actual Load to Sludge Treatment Centre (STC) TDS/

2500

Actual Volume of WAS Removed m^/d

% DS of Primary Sludge
A ctiviited. Sludge EmeessJiOArosiements

606
4
Yes

Fast Activated Sludge (Short SRT & HRT), high
sludge yield, lower oxygen requirements

Yes

Efficient Diffuse Aeration

Yes

VSDs on Air blowers

Yes

DO dynamic sensor based aeration controls
optimisation

No

Ammonia Sensor Controls

No

Sensor Based Intermittent Aeration Control

No

% DS of WAS

1

Final Settlement Tanks (FST)

Yes

Tertiary Treatment

No

Tertiary Treatment Technology Type

N/A

Aoife Moloney
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Energy Recovery Data
Sludge Treatment Centre (STC)

Yes

Thickening

Yes

Technology

Combination

If combination which technology types

PFTsand GBTs

Additional Information

N/A

Dewatering

Yes

Technology

Centrifuge

. ^

4500

Quantity Dewatered - TDS/yr
Poly Usage - Quantity per annum kg
Cake Lime Stabilisation Required

66000
Yes

Additional Information

Cake lime
stabilised

Sludge Stabilisation/Energy Recovery Facility
Biodegration Route - Digestion

No
No

If Yes, what technology type
Additional Information
Sludae Pre-treatment Technoloav prior to AD
Biodearadation

No

If Yes, what type
Additional Information

Biogas Utilisation
Biogas Utilised or Flared
If Utilised, for what purpose/s
Heating Qnsite Qnly - Digester Heating Requireme t»ts
Heating Qnsite - Digester Heating Requirements,
Exporting additional Energy to gas grid
CHP - Heat for digester. Electricity either
exported or used onsite
If CHP, what technology type
Additional Information

Thermal Treatment Route

No

i

If Yes, what technology type
Energy recovery
If Yes, provide details
Additional Information

Aoife Moloney
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Energy Resource Recovery
Base line Initial Energy Assesment
Actual Electrical Energy Usage kWh/d
12722

kWh/d

30000

mVd

Average Actual BOD Load kg/BOD/d

7724

kg/BOD/d

Actual Population Equivalent

128733

P.E

Average Actual Flow mVd

Austria Energy Key Performance Indicators (KPIs) subsequent to years of
benchmarking studies
Electrical Energy consumption WWTP Average

0.3

kWh/m^

23

kWh/P.E./yr

23

kWh/P.E./yr

German Energy Manual - Murl 1999 ideal target
kWh/P.E./yr

Calculate Energy Key Performance Indicator Metrics based on Plant Data Input
kWh/m^

0.42
Electrical Energy consumption
■

36

kWh/P.E./yr

1.65

kWh/kg BOD

Reducing Energy Consumption Techniques, Technologies, Best Practice
Energy Consumotion Reduction (~30% Energy Recovery)

\

Investigate aeration primarily as largest
consumer: Combination of diffuse aeration,
dynamic efficient aeration control, ammonia
30%

sensors and sensor based intermittent control can
yield up to 30 % energy recovery savings in
conjunction with Installation of Efficient Motors
& VSDs on pumps and blowers
Combination of techniques yield up to 30%
energy recovery savings

;

3817

r

8905

kWh/d

Revised electrical energy consumption baseline if
all of the above energy recovery techniques
implemented

kWh/d

Results in terms of Energy KPIs
0.30

kWh/m^

Revised Electrical Energy Consumption based on

25

kWh/P.E./yr

improvements

1.15

kWh/kg BOD

Note: Assuming a stepped progression from energy consumption reduction onto
energy generation and energy generation optimisation

Aoife Moloney
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Increasing Energy Generation Techniques, Technologies, Best Practice

aiaKHllmaiitn»omSadaetmio60-aM-.1lmatoachivelaemNeutralit,
Enhanced PST Improvements - lamallae plates,
enhanced percipitation (EPT) with chemical
dosing or reduce retention time
Enhancing digester performance
Innovative pre-treatment technologies e.g THP,
Ultrasound, lysing thickening centrifuge,
electorporation
Co-digestion
Biogas EndUse effiency
New Electrical Energy Consumption based on
energy reduction techniques as described above -

r-.

.

■ ■■
8,905

f-

kWh/d
Combination of energy recovery from sludge
techniques meet up to 80% electrical energy

80%

ii;.

requirements- kWh/d

^ '^

Remaining electrical energy required to meet

r

7,124

plant requirements kWh/d

1,781

Other Enejjw Recove(V Tec miques:
A pplication of innovative technology such as
A nnamox. Side Stream treatment up to 10%
e lectricity savings of entire plant. Remaining
plant energy requirements kWh/d =

891

10%

0

10%

Energy Recovery from sewage flows (Thermal,
hydraulic) up to 10% energy savings of plant.
Remaining plant energy requirements kWh/d =

Energy generation techniques applied to meet plant requirements. Result =
Net Energy Neutral
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